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Chapter 3. The author's observations and experimental techniques are 
presented and discussed in this chapter. Only work on the continuous 
emissions was performed. 
gladegji; All the theories proposed (up till about 1961) for the 
generation of vary low frequency emissions as well as some proposed 
by radio astronomers for high frequency generation are reviewed. 
The most promising idea seemed to be the travelling wave tube (TWT) 
process. A new idea suggested itself in discussion of doppler 
shifted cyclotron radiation from protons. These ideas are developed 
in later chapters. 
Chanter 1. Further development of these ideas first required 
a model of electron density distributions in the exosphere. A 
theoretical model based on geomagnetic contra is derive in this 
chapter. Soon after this work was done (1960) experimental confirmation 
appeared. 
Phapterfi. Using this model Gallet's TWT process is treated in the 
general case and in more detail. It is shown that this process can 
account for all the relevant characteristics Of hiss, though not 
those of the discrete emissions for which it was originally proposed. 
Ohaeterl. The idea from Chapter 41 that cyclotron radiation from 
electrons is permissible if it is shifted due by doppler effect, is 
developed. It is shown that this process gives the detailed frequency-
time characteristics of the discrete emissions. A new emission is 
predicted. 
Chanter A. Four tests of this electron-cyclotron theory are 
presented; The most crucial of these was the observation of the 
predicted: emission with the predicted time characteristics. 
Chapter 9. Since the frequency-time characteristics of observed 
discrete emissions could be accurately matched by suitably choosing 
the electron parameters (energy, helical pitch, and latitude) it 
seemed that these parameters could be deduced from observed character-
istics. A method of doing this is presented, with examples from 
published spectrograms of emissions. 
pbeeter,j& It is shown in this chapter that this electron.. 
cyclotron process can also account for the characteristics of hiss 
as well as does the TWT process (as developed in Chapter 6 
Tests for distinguishing the two theories are proposed. 
Chapter 11. A brief resume of the progress achieved is given, 
further work is suggested, papers publiehed by the author on this 
work are listed, and acknowledgements are made. 
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Fig. 2. 	Spectrograms of dawn chorus recorded simultaneously at 
Dunedin (DU) and Wellington (WE). (after Ilelliwell and 
Carpenter 9)• 
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22 Early_ Worl 
Following up observations made by Barkhausej during Woad 
War X (Which may have included exospheric emissions) Fokerslay 2 et 
ai noticed a sound like the wathlAre of birdsi, This tended to occur 
most frequently near dawn and So was named "dawn chorue. Soon after 
(1933) Burton and Boardman3  in America obberved a "frying sound" 
which was closely correlated with an auroral display present at 
the time. This appears to be the first recorded observation of 
his?. In England Eckeraler (unpublished, quoted by Btorey4) also 
Observed hiss, "at a frequency of about 5 kc/s, on a receiVer 
connected to a pair of large direction finding loops and observed 
that it was coming from a northerly' direction". 
After this there was little work 14 this field until 
St- Soryk, 
 
who published his work 04 whistler0 in 1953.- Storgy 
observed hiss and incidentally used this term. However Storeytit 
main contributions to this field were indirect bdt truchnOre 
Important. He demonstrated that =Oh higher electron densities 
existed in the exosphere than were preViO44147 thought : Although 
the deneitte0 required for his theory (a few hundred electrons per 
0.00 are Small by laboratory vacuum standards they made all the 
difference between empty space and a medium having very interesting 
properties. By clearing Up the Mystery of whistlers he opened 
the doer tO stud, Of the phenomena not explained hy•histheort 
It seemed likely that these were propagated and guided along 
magnetic lines of force in the same way as were Whistlers, and 
n In other ways their description seems that of a swidhler" or 
broad band whistler. 
7 
were probably generated in the exosphere. Thuo they became known 6 as 
"exospherio emissions". 
Storey further showed that whistlers could be used to 
Probe the exosPhere in much the same way as the ionosonde probes 
the ionosphere. Later discoveries such as the "nose whiabler" 
effeet424 and the use of V.L.F. 'trermmitters44040 boas this  
out further. This, and later the extra spur of the ina -IGC, led . 
a wrest maw workers to begin recording whistlers on pagmetic tape.'; 
Hiss and ether exospheric emissions were automaticallYr000rded 
on the same tapes. These were later FtrialYeed on frequency 
aPcotrograPha (such as the nsonagraph") along with whistlers 
. (Figures 1 : and 
2.3Dat,Legt.A.Mgme ll4ga 
Observations made in this way present a view of the 
phenomena (hiss) somewhat different to those using techniques 
to be described later on. in view of this, and the fact that over 
the neat five years (from 1953) very few observations were made 
with these other techniques but a vast amount recorded on 
magnetic tape (one worker recorded over 350 miles of tape in 
four years), we consider these observations separately here. 
All: magnetic tape work up to the present time is considered here 
so that some discoveries after 1958 were Preceded by falls and 	1 
his co,worhers. Some observations .made at a very high 1atitude0 
hate been left for a later section; 
The correlation of hiss and chorus phenomena with 
magnetic activity was noticed by the early workers mentioned 
Above and also by 8toreA Gallet6 and others718 more recently. 
Dinger5 found that hiss and chorus activity was considerably higher 
during most of 1958 (sunspot maximum) than during corresponding 
periods in other years. Allcoo4 and 0rouchley and Brice showed 
that chorus is strongly correlated with magnetic disturbance index* 
though for high latitude0 ("-60° geomagnetic) the latter showed that 
a "saturation" chorus strength is reached for the magnetic index 
ge-3. For large Kip chorus Strength actually decreases. Since they 
also found that chorus strength or occurrence frequency increases with 
latitude* reaehing a peal; around G.M. lat. 60 0  they interpreted 
this as inelicating an equator ward shift of a ten degree wide 
"chorus zone" with K index* Similar observations covering a 
greater nuMber Of stations were made by Halliwell mmi Carpemaj 
(Figure 3). 
At times of great magnetic activity hiss lasts for a 
considerable time. Wattal° at Baader (Gal. lat. 50°) and 
Belliwell at Stanford (G.M. lat. 44°) simultaneously observed a 
unties storm" lasting 12 hears fallowing a period of Kp = 
Genet examined 122 cases of hiss and found an average duration 
Of 1.6 hours though hiss sometimes lasted 10 hours. 
From four years of,observatiOn plOger5 showed that hiss 
is more common at night with a shWliow minimum around noon. A 
much stronger effect is shown by ohorus444'7'9. The maximum 
	7/ 
occurs around dawn in middle (MO latitudes but occurs progressively 
later as one observes it at higher latitudes7'842* so that it occurs 
near noon at about 65 ° G.M. lat. This isihown in Figure 4. 
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Fig. 4. 	Variation of time maximum of chorus with geomagnetic 
latitude. ( after Crouchley and Brice 8 ). 
Allcook7 finds this in agreement with the hypothesis that chorus signals 
are initiated by the arrival over the geomagnetic equator of positively 
charged particles of solar origin. 
The noise storm Observed by Wattsl° and Helliwel111 showed 
a band of hiss from 1 to 10 kcis. At most times the peak intensity 
(Fi 5 .4.A) 
was around 3 ice/a. A At times the bandwidth became quite wide (100 Cis 
to 20 kcji; or so). licaliwell and Carpenter9 summarize data from 
ten statione grouped about 0.14. lat. 55 ° 2100 (both North and South). 
They found that hiss occurred in a broad band, or one or more narrow 
bands (Figures 1 and 8). The narrow bands usually had bandwidths 
around 1 Wa s, though narrower ones down to 750 c/s Occurred. They 
and other works 56,,U  often observed very narrow bands which slowly 
drifted in frequency, both up and down (rarely both types in the one 
event?), at rates of a few hundred c/S Per second* Pone and Oampbe11 13 
observed an intensity modulated form of this which they named °surf° 
(Figure 5). 
6 Gellert noted that some of the more discrete phenomena/ 
particularly these "gliding tones" appeared to be the fine structure 
of hiss and suggested that hiss might consist of unresolved phenomena 
of this type. However, more recentlyikaliwell and Carpenter9 pointed 
out that gliding tones were not very narrow bands of hiss as bandwidths 
between those of gliding tones (< 150 c/a) and of hiss (>750 Ws) 
were not observed. , 
Chorus on the other hand, is almost etclueively confined 
to frequencies from 1 to 5 ko/S?. Other forms of discrete events 
occur?, mostly with bandwidths less than 150 cis.: Of these "hoeke 
(from their appearance on frequency-time spectrograms) are the most 
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I 5" 
commeau Others are "risers" which are rapid and "falling tones" which 
are Slower and last longer.: These might be hooka with the rising or 
failing parts missing. The remaining forms which occur comparatively 
frequently, though rarely satisfY the criterion of repeatability, they 
Classed as "Unusual events". Later in this thesis it will be shown 
that many of these "unusual events" are merely special oases of the 
same general phenomenon.. Some examOles of these discrete forms 
(frequency-time spectrograms ) are Shown in Fig. 6. 
The phenomena So far described are those observed at 
latitudes (04.) leas than about 65° and generally 50° - 60°. 
We now discuss observations made from mugh higher latitudes of phenomena 
presumably occurring within:10 or 20 degrees of latitude of the observer. 
We will discuss this point later On. 
ZalUatklallagesa 
There is some evidence of a downward shift in frequency of 
phenomena occurring in high latitudes. After a year's observation 
at Godhava, Greenland (G.E4 latitude 80°N), Tingstru" found that 
though chorus was observed about 18 per cent of the time around 
most frequent occurrence (10 -.12 local time). it was almost malaat741,7 
confined to the frequency range 500 to 1000 cis. At lower latitudes ' 
as discussed above9• chorus is confined to the range 1 to 5 lceb: 
If Ungstrup's chorus was not a local phenomenon but had been propagated 
along the earth-ionosphere wave guide it would have suffered a certain 
amount of attenuation. Curves given by Watt and Maxwell15 show the 
attenuation at these frequencies to be about 6 db per 1000 km. 
1.0 sec'l 1.0 sec' 
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Fig. 6. 	Spectrograms of discrete V.L.F. emissions (after Helliwell and Carpenter, 9 ). 
"Falling tones" appear in E, "quasi-constant tones" in G, and "risers" in 
F and G. The other forms are probably all "hooks". 
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Fig. 7. 	Intensity — v — frequency recording of hiss at Kiruna 
(after Aarons, Gustafsson and Egeland 21 ). The peak 
occurs near 750 c.p.s. 
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Fig. 8. 	Narrow bands of "normal" hiss (bottom two spectro- 
grams) and broader bands of "auroral" hiss (top two) 
recorded at Byrd, Antarctica (after Martin, llelliwell 
and Marks 16 ). 
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associated with Mat auroral& This 9.6 keis hiss is also observed 
at the (geographic) South Pole 	latitude 7960. 
It is not impossible that the phenomena observed by the 
Scandinavian and Antarctic workers were the same. The apparent 
difference mlght be ascribed to different interpretations and 
different interests. The Sopnatnavians attached considerable 
importance to the stable 800 cis band which they considered to be proton 
gyro radiatiomP9-21. 
The first successfhl equipment to be designed, built 
and operated sneclAlly for observations of hiss was due to Ellis 28. 
All work using these technique° so far published (late 1961) has been 
confined to Ellis and other Australian workers influenced by him. 
All 'other observations have been made on equipment designed for other 
applications. The tape recorded work just reviewed shoved the spectral 
characteristics ef hiss and some of the long term effects and correlations 
with other phenomena. These techniques, admirably Suitable for whistlers 
and discrete events are not suitable by intennity and intensitime / 
observations. On the other hand receivers used for recording 
atmospherics, though of the intensity-Ait-time fern, are virtualViaseless 
for hiss recording as will be seen later. 
The observations described in this section are pen recorded 
or photographed with chart or film speeds of a few Olt. per hour. A 
day of recording would thus be a manageable two feet or so. However, 
it is necessary to discriminate against atmospherics and other types of 
impulsive interference which can be some orders of magnitude stronger 
4 I 
than hiss. On the whistler records reviewed above hiss is observable 
between the atmospherics because the time resolution (some tens of 
milliseconds) is much lees than the interval between the atmospherics. 
For slow continuous recordinm having time resolutions of the order of 
a min4tgr, special techniques are required which are disvueeed beldew. 
The most direct method is to apply the detected signal to 
the Y plates of a cathode ray tube and record on Slowly moving film. 
An example et a burst of hiss recorded in this way is shown in Figure 9. 
The steady noise eomponent is given by the bottom of the filled in trace. 
This represents the level in between impulses. It ig seen that the 
peak loyal Of the atmospherics is always completely of stale. This 
is further demonstrated in Figure 10 where it is seen that atmospherics 
are appreciable even when the gain is decreased by a large factO 
An alternativo method for recording on a pan and paper 0st -dm of such 
caolm.trespoase utilises the minimum reading circuit described 10 
E11102423 This uses a partirapidirectional integrator having a charging 
time constant of the order Of a minute and a discharge time cOnstant 
Of the order of 0.01 seeonds (Figure 11). Similar techniques Can be 
used for frequency time recording though generally it was found that 
hiss could be readilydistingaished from atmospherics on the record4 
as aeon in Figure 14" 
All other work so far published of continuous recording 
of noise in the 	band has been done without discrimination 
against atmospherics and other impulse noise,; Most or these worker0 24"27 
have been mainly interested in recording atmospherics and same times 
Used reçk reading circuits": it is not eurnrising that these have 
reported a general leek Of correlation between recorded intensities 
2 kc/s 
5 kc/s 
Za 
09 
	
1 0 
	
11 L,T, 
Fig. 9. A burst of hiss recorded at two frequencies by the C.R.T. and film method. 
The time marks are also zero input levels. Impulsive (atmospheric) noise 
is superimposed. 
    
2 kc/s 
21 22 	L.T. 1*— 60 db. attenuation 
Fig. 10. A period of no hiss but of very strong atmospherics. The latter contribute — 
only a very slight base level. An indication of the strength of these 
atmospherics is shown in the latter part of the record during which 60 db 
attenuators were inserted between the antennae and the receivers: many 
impulses still produce full scale deflection. 
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Fig. 11. "Minimum reading" circuit. The input (A) is fed from a low impedance 
from the last (A.C.) amplifier. The impulses would have overloaded the 
last amplifier stages. The steady noise and the impulses are seen before 
(A) and after (B) detection and smoothing. At the output (c), which must 
be fed to a very high impedance, only the steady noise level remains. 
The output level automatically rises to the minimum at B. For any in-
creases above this level at B the second diode (R 21 is reverse biased so 
that the "up" time constant applies. This illustrates the principle. A 
practical circuit is shown in Fig. 30. 
2 4. 
and geomagnetic disturbanoe34, and so concluded that most if net all 
audio frequency fluctuations originates in thunderstorm aotivi ty2526. 
14-rok., It is only at high latitudes during stew magnetic disturbance, when 
atmospherics from lou and middle latitudes are weak and hiss relatively 
strong, that hiss is ,Stronger than atmospherics and so Observable 
on these recording systems. Some of the work discussed above was in 
this category20' 21 (see Figure 7). 
The first Continuous recording Of hiss was begun by El1is 28 
in. June 19$8 at Camden. The intensity receiver had a centre frequency 
of 4.6 has and a bandwidth of about 800 (14. Continuous measurements 
were made On a pen recorder using the minima reading technique described 
above. The spectrum from 2 to 40 koi rs was also centinuoualy recorded 
on film using a frequensy scanning snA3yser. 
The system proved to be Inch more sensitive for detecting 
hiss than the tape recorder systems reviewed above. It was Soon found 
that hiss occurred in burets lasting some hours. No background of 
hiss was present in between bursts: (More recent obserVations over an 
extended period on a high gain receiver in a 'very quiet site have not 
confirmed this (Ellis unpublished).) Apart from built in electronic 
discrianation, these burets of hiss are readily distinguished from man 
made bursts by their comparatively slow build up and decal' (Figure 9 .). 
These bursts of hisS can be classified into two main types both from 
their spectral characteristics and duration. This classification fits 
other properties discussed later. 
The most common type were "isolated bursts". These occurred 
well separated from one another and often during magnetically gdiet 
condition.% _They weriinmerow band, tisromy 1 . 2 ko/i, centred at 
about 4ko/s.- Both the MXtenSitr and spectrum remained constant 
during these burets.: This is the "quiet" fOrm of hiss mention . .
earlier. 'iSolated bursts lasted about an hour. ,Figures 9 and 12 
are examples. 
The second type were extended series of bursts of hiss or 
6noise stormsr. These lasted longer (up to 50 hours) and showed 
Considerable intensity* and spectrum variations (Figure 13). The 
frequencies of hiss observed on the spectrum analiser were similar 
to those reviewed above. However in general the:bandwidth inereased 
with magnetic activity, extending Over most of the recording range 
during severe disturbances. All major magnetic storms were accompanied 
by noide Storms. Oa the average these began about 6i hOUte after 
a magnetic Sudden commencement. 
. 	A diurhal effect was noticed atOsmde28 shOwing a peak 
OCcUrrence around midnight and.: 	no bursts between 1000 
aid 1400, hours local timo. Later observations" showed that this 
was entirely due to propagation (aver the surface of the earth) 
conditions as practically the, reverse wa4 teue at Hobart (Figure 14). 
It now appears that the occurrence of bursts is equally Probable at 
all times but those occurring between MOO and 1200 hours lodal time 
(at Hobart) are generally strorwee7..:" 
Puests showed a strong correlation with red Owen (6300 A) 
airglOw on 6 nights. On three occasions hiss and airg3.ow sholomi the 
26 August. 1958 
I hr 
i#41•00000 , 4sMs\A-J,4  
14 
0014 t1/400.10014444 
9 	 0 
,    	 .. 4,.. ! MI n. ' WintarElf 
Fig. 12. An "isolated burst". The spectrum is shown for the period  between the 
arrows (after E11is 28). 
I 9:0100.01111° i)111110100111iiiiihrgoortrv.s-..—Pr-0.r."114"*"..."Ajj,WIMIL 
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Fig. 13. 1 moderate "noise storm" recorded at two frequencies. Note  the rapid 
bandwidth variation near 1400 L.T. 
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(a) The diurnal variation of the average 
noise energies received in three hourly periods at 
Hobart and Camden between September 1959 and 
April 1960. (b) Ratio of noise power at Camden 
and Hobart. (c) Total number of hours of noise 
at Hobart and Camden, September 1959 to April 
1960. (d) Variation of intensity of radio noise 
below 4 kc/s at Byrd Base, Antarctica, July 1959 
(after Martin, Helliwell, and Marks). 
Fig. 14. Diurnal effects (after Ellis 3 7 ), 
the same minute to minate varia.tion and bah hiss and dirglow appeared 
6 to becorning óan the south (Figure )5). •Observations at 
caocuseed above showed that ionospheric absorption can preVent 
observation of hiss during aurora Similarly below horizon airglov 
or• bad Seeing condition* cola have prevented Observation o airglOw 
.t &Aden*• Posen:ay, then* hiss and airgl.ow always *courted together. 
Vbe 414plitude flactuations of a few noise storms have followed 
reproducible Settaende with a 27 hoar interFui_bettraefl a lett burst 
28i4 lasting. Several hquxo and a mach weaker burst or' This suggest* a 
outde not 	partaking in the movement of the earth's surOtce 
bit rather 0,1104 uortstant in 1)04#04 10:Itight. AS0911414028■ Later. 
Observation confirmed this effect37 .' 
A cliffienity i4oh began. to be :radOgaistatd was that 
phenomena vtioh watt obactilod at a given point did not ttecessartly 
'Pt:cent!'Ut1 that po$41t#4 Phone** bteught 004 by titopavit4eit 
• generation in the =sphere such as his ehOutt 'and Whist3es 
oeniii be channeled Own the earths magnetic field to- 4 Point 
on. the aanthie inkaO9 at a considerable distanne from the obtterVer' 
anti stal. be obserle44Q. , -Phenomena, observed at a Medi% latitude 
.station might be predOmincantly. ,  .• high latitude phenOlzena. and vice vertnt4 
Thus trhiataerso a nal;ative4 lOw titude phenomenon*: are observed 
at the Seuth : P01.017i, . At least one of thetie Antlers Was traced 
bj 41,16901018 as having originated Over 4000 10n away. Utilization 
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airglow observations were made during those periods for which 
Airglow and noise records for August 27, 1958. No red 
the trace is dotted 
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Noise and airglow records for January 5, 1959 
F ig. 15. Simultaneous occurrence of airglow and hiss (after 
Duncan and Ellis 2 9 ). 
of the nose effect land V.L.F transmitterzi resolved the difficulty 
for the whistler workers. 
Thus an important development was the location of the regions 
(virtua sources) on the surface of the earth from which hiss appeared 
to be coming after propagation down to the earth from the actual 
region of generation abwe the ionosphere. The first observation 
of this type appears to have been made by Ecker4ey4, as mentioned 
earlier. 
Experiments at Camden32 at 5 kilo showed that direction 
location was possible with rotating loop systems. It was further 
shown that the angular extent of the virtual source could be 
estimated from the sharpness of the null ". A number of ieolated 
bursts were recorded at 5 ko/s simulteuleous4 on direction finding 
systems at Camden* Adelaide and Hobart34. Pop those 'which were 
reasonably strong at all three stations it was possible to find the 
locations, sizes and approxi,mate shapes. It was found that most 
of the bursts came from sources at G.M. latitudes greater than 
50° and many of these were too far south to be resolvable: Those 
resolved were rough] y circularin shape, about 500 km in geographical 
size and came from various geomagnetic latitudes between 450 and 56°. 
It MO pointed out by Falis34 that Me of a large network 
of locating receivers would make possible the construction of a map 
for any instant of the areas where the radiation emerges from the 
ionosphere. This map would represent an image on the surface of the 
earth of the generating regions in the exosphere. 'Work on whistlers36 
5o 
3. 
has shown that guiding along a line of force is even stronger 
than expected from Storey's theory (field aligned columns of ionizatiOn 
have been suggested as the cause of this effect35 ). Thus the "focus n 
of the  ma ge should be quite sharp* 
Thus the observation Of Limps of ()ay a few hundted kilometers 
extent implies" for these at least* generation in quite narrow magnetic 
tubes of foro‘ Xf hiss is generated in the exosphere by lov energy 
charged particles (also guided along the earth's field), then these 
charged particles must also at times*. be confined to narrow tubes 
of force. Direct observation by satellite of an are" of ineoming 
charged particle's coincident with an aurora arc shoved narrdw 
streams of particles of widths down to 2,5 iati4.‘ 
Very recently (late 1961) Crazy has shown that polarization 
errors # rotating loop direction location of whistlers can be very 
serious. Both the m33.1 bearing an4e and the null sharpness 
(maximum to minimum ratio) are afecte4. This casts serioxie 
doubt on the validity of the method of estimating sore° sizes 
fron 	sharpneds33.- Howeveri kte-will--be -sham 4ater-in-thie 
-thesiet dtraction flndixig measurementS of hiss Should be less subjeot 
to bearing angle errors her is the case for whibtlers. 
Position location is also possible without direotion finding 
if intensity records from three or more stations are availablei 
This system has certain ad-Vantages in that the equiptent is simpler* 
position location is chinuous and instantaneous*, and for a large 
number of stations it gives more information on positie, shape and 
size of geographically large sources. ', 711 4  837 Observed 43 separate 
bursts and one major noise Storm at 5 kcie on a netwOrk of four 
stations extending across southeiniAluOralia.: The majority of the 
separate noise bursts appeared tO come from geographical large 
Sources far to the south (Gat* latitudeS greater than 5e).  Two 
of these appeared to be long narrow sources or %roe 03011veblg 
somewhere between 500  and 60° G.M. latitude.. Eight of the 84P4ratO 
bUrsts were sm0 1 discrete sources randomly distriWtedbetween 
geographic latitudes 30° and 45° (he - 55° C.M.). Qbaervatione 
during nape storts3 7438 obeyed the same genera amplitude variations 
at all stations though a considerable difference in the relative 
amplitudes (Pigure 16)* This was interpreted" ELS 4 VerY large 
Source with fine structure. Some of the Peaks in this fine 
structure appeared progreasiveay later at the western statiOns * 
being observed at each station at about their Sate .3;203, time* 
This suggested38 that the Sources of these uere reMaining almost 
constant in position 411 Hight Ascension. ..  
Investigations by ralia° on isolated bgratio occurring 
during periods of weak magnetiO activity (4-'3) obeyed that about 
half (4.1 out Of 97) were associated with pOsitiVe magnetic bar* 
The bursts Occurred at the dame time as the bar Cartwright* 
obtained evidence that these bursts and bar are also coincident 
in geographic position. Recent investigations Of the ionospherie 
current systeme associated with magnetic bwfs suggest local precipitation 
of protons and electron% Renee it seems likely that these particles 
also prOduee the localised bursts of hid. 
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3. OBSERVATIONS OF HISS.  
3.0.1. Inttoduction. 
The writets experimental work was 
confined to observations of hiss. In 1959 when 
this work was begun a vast amount of data in the 
form of spectrograms of discrete emissions, chorus 
and hiss had already been recorded by several groups 
throughout the world. Complicated and costly 
equipment was needed to produce high quality 
spectrograms and essentially new work in this field 
required more sophisticated experiments and tech-
niques. On the other hand Ellis had just opened 
up a new field by his techniques for studying the 
longer term amplitude and frequency variations of 
hiss. In addition these techniques required only 
relatively simple equipment. 
It should be noted that the definition 
of the three types of exospheric emissions: 
"discrete emissions", "chorus" and "hiss", are 
based on their sound and their appearance on fast 
spectrograms. The recording techniques used by 
Ellis and in the work to be described would treat 
discrete events as impulses, and so reject them. 	On 
the other hand chorus consisting of overlapping  
"discrete emissions" would be treated as hiss. 
3 1+ 
36- 
3.1 WIDE BAND BURSTS 
1 
	 3.1.1 Introduction: 
Early observations by Ellis 28  showed that 
sometimes, particularly at times of strong geomagnetic 
disturbance, wide band bursts occur spreading from 
2 kc/s or less, to at least 30 kc/s. One of the 
first experimental projects by the writer was to ex-
tend the observing range to find out the frequency 
range of very wide band bursts and how the intensity 
varied with frequency. Very wide band bursts were 
observed at frequencies from about 100 c/s to about 
250 kc/s. The observed (ground level) intensity 
in Wm -2 (c/s)-1 ranged from nearly 10-9 at 100 cis 
to 10-19 at 250 kc/s. However as will be shown here, 
the intensity at the source region in the exosphere 
deduced by subtracting the losses sufered in the 
ionosphere and below the ionosphere, shows a 
relatively flat spectrum at a level of the order of 
10-1° Wm -2 (c/s)-1 . 
Ground level intensities were recorded at 
several spot frequencies (125 c/s, 240 els, 410 o/s, 
760 c/s, 1.8 kc/s, 4.3 kc/s, 9.0 kc/s,and 230 kc/s) 
during wide band bursts observed at Hobart. 
3' 
12 	 Only six recording channels were available 
so that simultaneous recordings were not made at all 
eight frequencies mentioned above. However there was 
sufficient frequency overlap to suggest that the wide 
band bursts measured mainly at the higher frequencies 
were similar to those measured mainly at the lower 
frequencies. 
Two sweep frequency analysers covering 
the ranges 40 c/s to 500 c/s and 4000/s to 6 kc/s, 
though of less sensitivity and of restricted use for 
intensity measurement were used to check the 
interpretation of the fixed frequency records. 
3.1.2 Observations: 
In a period of about fifteen months 
(October 1959 to January 1961), twenty five wide band , 
bursts were recorded. Three of these are shown in 
Figures 17 to 19. The main wide band burst in Figure 
11 (around 1130 local time) is accompanied by a medium 
bandwidth burst between 10 and 11 local time and several 
narrow band bursts after local noon. To avoid zero 
intensities appearing in the statistical analysis, 
consideration of intensities was restricted to these 
twenty five for which non zero intensities were record-
ed on all channels. In general, as in Figure n, 
the peaklintensity during narrow band bursts a4=-0bile 
4L, Setu-a. oreG2w 	41.^.4" 0( or; 0%.s 4..).10(4. a. u41 urs44 
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Fig. 17. Wide band (c. 1130 L.T.) and 
	
Fig. 18. Wide band burst 
narrow band bursts. 
250 kc/s 
9 kc/s 
13 
	
14 
Fig. 19. Wide band burst (only these two channels were operating at the time.). 
same frequency. The median intensities and the 
spread of intensities recorded is shown plotted in 
Figure G. Medians for). 125 c/s, 9.0 kc/s and 230 kc/s 
may not be truly representative as less than five 
values were obtained for each. 	This occured because 
these channels were operated for a relatively short 
period. 
It is seen that very wide band bursts 
covered the full observing range so it seems likely 
that some extended beyond this range. However the 
(burst) signal to (background) noise ratio became 
gradually worse at the very high and very low 
frequencies so that this was not checked by extending 
	
F' 
	the observing range further. 
The most striking feature in Figure 20 
is the strong dependence of observed intensity on 
frequency. 	We are interested in the source intensity 
. and its variation with frequency, so we will now attempt 
to find out how much of the observed effect is pro-
duced by propagation losses. 
0 	3.1.3 Propagation Losses: 
Although there is no strong experimental 
evidence to indicate the level at which V.L.F. noise 
Fig. 21. Path of wave from generation region to receiving antenna. 
20 	  
•01 10 	 100 
FREQUENCY (KC/S) 
Fig. 20. Medians and spread of peak intensities of observed wide-band 
bursts. Cur,ves are expected ground intensities for a " white " source 
above. th6 ionosphere at the hatched level [10 -10 Wm-2 (c/s) -2]. The 
right-hand ordinate is field strength. 
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4 	 is produced, we will assume here that it is above 
most of the ionosphere, that is abovel,say, 550 km. 
Directional and spaced observations (Ellis 34 ) show 
that V.L.F. noise bursts often appear to be coming 
from virtual sources of quite small areas on the 
earth's surface. 	Consequently we adopt the model 
that the burst is generated in a relatively narrow 
tube of force somewhere above the ionosphere, is 
then piped down through the ionosphere in the 
"whistler mode" and radiated out under the ionosphere 
in the two surface (earth or ocean and ionosphere) 
wave guide to the observer. This is shown in Figure 
a-t. 	We require, then, the losses suffered in these 
two modes. 
The earth—ionosphere wave guide losses 
have been calculated by Watt and Maxwell78 for freft 
quencies from 1 to 100 kc/s. Curves are given of 
field strength versus frequency for propagation over 
daytime and nighttime sea water paths of various 
distances for a unit "white" point source. In our 
case the distance between the virtual source and the 
observing point is not known for each burst but a 
• typical median value can be estimated along the fol-
lowing lines. 
Suppose all sources were point sources 
and that they were randomly distributed about Hobart. 
We consider an annular area centred on Hobart at 
distance r, width dr, and area dA. We define the 
probabilities: ps (r, dr) of a source occuring within 
this annular area; p o (r, dr) of it being observed 
at Hobart if it did occur; and p os (r,dr) of an 
observable source occuring within this area (witk14 
	
r and r+ dr). 	It follows: 
ps (r, dr)°4dA.-..r.dr 
po (r, dr)-Kintensity on arrival at Hobart 
wherecK = attenuation coefficient for the earth - 
ionosphere wave guide mode. 
Hence, 
pos (rdr). = p s (rl dr) . po (r,dr) 
= e 	. dr 
We define a madian range 7. such that 
00 
r: pos (r l dr) = (- p os  (r dr) r  
that is o 
1 	1 re—ccri ll 
L 	_I .0 
Hence, 
4/ 
e 	2 
6 	The attenuation coefficient,dC, is strongly frequency 
dependent, but typical values are around 3 dB per 
1000 km (Watt and Maxwel178 ) so that the typical 
range (i) will be around 1000 km. 
Suppose instead the sources were very 
large so that everywhere in the vicinity of Hobart 
was essentially uniformly illuminated by each burst. 
We consider the same annular area described above. 
The total power intecepted by this annulus is pro-
portional to its area: 
Ms (r) 	rl -dr, 
Transmission over distance r to Hobart would decrease 
this by a factor 
e-cgr 
So that the power observed at Hobart from this area 
(from the ranges r to r 4. dr) is then 
dWos (r) 	1.e- r.dr 
k being a constant of proportionality. We define 
the median range F as that range within which half 
i 	of the observedeower occurs. Then 
c 
k 	e--1 . dr = it 	e-". dr o i 
Hence the same argument as the above leads to 
i -•, 1000 km. 
• 
Selection of the r = 1000 km. day and night 
curves of Watt and Maxwell" gives us the below-
ionosphere losses.for the frequency range 1 to 
100 kcA. Those for frequencies outside this range 
are estimated by extrapolation. 
The attenuation for whistler mode propa-
gation through the ionosphere were obtained from curves 
by Helliwell11 using a model daytime ionosphere 
from 80 to 550 km. given by Francis and Karplus 79. . 
Night time attenuations were estimated from this model 
by disregarding the ionosphere below 100 km. The 
attenuations suffere d/in the successive strata of the 
ionosphere thus calculated are given in Table 1 
below. 
Table 1 
power attenuation for whistler mode propagation 
through successive strata of the ionosphere at the 
frequencies given. 
Ionospheric Power attenuation (dB)at frequency (kq/s) 
stratum (km) 0.1 . 0.4 4.5 17 230 500 
550 - 140 0.12 0.24 0.8 0.9 8.4 22 
140 - - 120 0.04 0.08 .0.2 0.5 2.2 5 
120 - 100 0.24 0.5 1.6 3.0 14 33 
100 .- 90 0.3 0.6 2.2 4.2 17 42 
90 - 80 0.7 1.4 , 4.2 7.5 20 48 
Day 550-80 	1.4 -, 9.0 16 60 150 
Night550-100 .:;0.4 0.8 2.6 5 25 60 
43 
, •-■". 
There is little experimental data to check 
these calculations, particularly of the lower fre-
quencies. However whistler mode echo observations 80 
at 17 kc/s for daytime proaation indicated that the 
actual attenuation at the time could not have greatly 
exceeded these figures. Very recent preliminary 
data82 from the LOFTI I satellite at 18 kc/s 
Indicate that 80 per cent of the time the attenuation 
ranged from 33 to 45 dB by day and from 4 to 29 dB 
' by night. A rocket measurement 81  at 512 kc/s showed 
at least 40 dB attenuation for night time propagation. 
The losses for propagation through the 
ionosphere (whistler mode) and below the ionosphere 
(wavv guide) are combined and graphed in Figure ao 
for day and night conditions. We have assumed a 
"white noise" source of intensity 10-10 Wmr2 (c/s)-1 
at a level of 550 km. The curves thus represent 
the expected intensity at an observing station on 
the ground about 1000 km from the point immediately 
below the source. The accuracy of these curves 
deteriorates towards both ends of the frequency scale. 
The treatment used above breaks down at the low end 
because the distances involved approach a wavelength. 
LtS 
At the high frequencies the attenuations are so large 
that small errors in the estimation of parameters 
become important. Both ends will suffer from 
extrapolations. 
It is seen from Figure 20that the expected 
"ground level" spectrum resulting from this flat or 
"white" source spectrum fits the obse rved intensities 
to an order of magnitude or so, although an intensity 
- proportional to wavelength might give better fit at 
the low frequency end. The main point emerging from 
this study is that much of the very strong frequency 
dependence of observed intensities is accounted for 
by attenuation. 
Intensities of over 10 -14 Wmr2(c/ ) -1 
at 512 kc/s have been observed at a height of 400 km 
by Mechtly and Bowhill81 (open circle in Figure 2.0). 
This is a lower limit (receivers overloaded) and so 
consistent with our results. On the other hand at 
frequencies above 900 kcA, at times when the 
ionosphere above Hobart is transparent, ground level 
intensities (due to Cosmic Noise) of only 2 x 10 -19 
Wm-2 (c/s)-1 are observed83: This is some nine 
orders of magnitude less than our value. However 
it must be remembered that very wide band bursts are 
t-F,‘ 
t 10 	rare and occur only during very severe disturbances 
whereas the ionosphere is transparent at low frequencies 
only during very quiet conditions. Nevertheless, 
this does show that, at least at the higher frequencies, 
a continuous high background level does not exist. 
3.1.4 Conclusions: 
The important results of this study are: 
(1) very wide band bursts of hiss occur at times, (2) 
the peak intensity of these (and narrow band bursts) 
near the regions of production is around 10 1°Wm 
(cis)-1 to within a few orders of magnitude, and (3) 
this intensity is not strongly frequency dependent, 
and may well be "flat" or frequency independent. 
3.2 =AMC CHARACTERISTICS  
3.2. Amplitude Variations. 
The narrow band pass channel at 4.3 hots was operated 
longer than any of the other channels. To show the amplitude 
variations the original pen recorder (4.3 kalifs channel) charts were 
redrawn on a compressed time scale. Eight months (June to 
September 1960 and 1961) processed in this way are shown in Figure 
22. Each trace shows a single (local time) day. When these appear 
as straight lines no hiss was received. The trace was not drawn 
at times of equipment failure (e.g. 21st June, 1961). In 
addition the trace is followed by a dot if the 24 hour average 
(centred at 2200 L.T.) valve of Xp exceeded 5. The amplitude 
scale is such that the separation of successive traces is 
approximately 0.5 itAvolt. 
Many of the features reported by Ellis, as described 
in Chapter 2, can be seen in Figure 22. Both "isolated bursts" 
and "noise storms" appear. The duration of "isolated bursts" is 
seen to be of the order of an hour whereas "noise storms" last 
several hours. Bursts appear at all times of the kr but in 
general hiss activity is strongest in daylight hours. The "noise 
storms" occur on days of magnetic activity, but "isolated bursts" 
occur on other days as well. 
One effect, also reported by Ellis, shows up quite 
clearly on this type of presentations there is a general tendency 
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Fig. 22(a). Amplitude records (4.3 kc/s) for four months in 1960. 
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Fig. 22(b). Amplitude records (4.3 kc/s) for same four months in 1961. 
for bursts to recur at about the same time on the following day, 
often with similar sequences of amplitude variations. A. good 
example of this effect occurs in the group of bursts on the 26th 
June, 1960, to the let July, 1940, thus a "rounded" burst at 1310 
on the 26th June, a "spiked" burst at 1410 on the 27th June, a 
triple peaked burst at about 1600 on the 27th June and a 
"rectangular" or double peak burst at 1330 on the 30th 'Tune, 
are each followed by similarly shaped "echoes" delayed by 2211., 23, 
24 and 24 hours respectively. Many other examples are seen in 
Figure 22. There are some oases of multiple "echoes" haring an 
apparent two day delay in the middle of July, 1960. 
A similar effect of long standing appears on magnetic 
reoordss Chapman and Rartels84 show several examples of recurring 
magnetic bays. In view of the association between magmmtio bays 
and isolated bursts already established (Chapter2), this is not 
unexpected. 
In an attempt to test this effect objectively the 
fallowing rules were adhered to. The "echo" burst must occur at 
least twelve and not more than thirty six: hours after the 
"originating" burst. The "echo" Should be similar in duration. 
If two similar "echo" bursts occurred within a fey hours of one 
another, only the first was Considered. Only the bursts shown in 
Figure 22 were considered. A, histogram of time delays is shown in 
Figure 23(a). It is seen that the delays are relatively narrowly 
distributed about 23-24 hours. To test that this was not entirely 
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Fig. 23. (a) Histogram of time delays between "originating" and "echo" bursts 
in Figure 22. (b) Histogram of occurrence time of these bursts. The 
latter distribution is broader. 
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narrow band burst a wide bend ( 	125 ois to 	2 kohl) burst 
began. Finally the latter died out and the background rose to its 
previous level. 
The important aspect of this event is that the 
presence of the narrow and wide band bursts in some way inhibited 
the background noise, either by inhibiting its generation or by 
inhibiting its propagation (increased attenuation). The latter is 
lir 
perhaps more likely as we have already seen (Section 2.4) that 
ionospheric absorption is correlated. with hiss. Since the bursts 
were observed despite the increased attenuation, this suggests 
that the background noise has its origin at greater distances 
(higher latitudes). 
3.2.2 Freauenoy Variations  
The speed of the spectrograms used in studying 
whistlers and, disorete emissions is such that a distance of one 
second along the time scale is of the order of 10 kohl along the 
frequency scale (aspeot ratio of 10 bails 1 see.). These show 
Riga as a steady band or series of bands of noise (Figures 1, 5 
andr13). However, hiss shows pronounced variations of intensity, 
bandwidth and centre frequency if much slower spectrograms 
(aspect ratio of 10 kois 	1 hour) are used. bourples are shown 
in Figures 26,27 and. 28. 
As found by Ellis (Chapter 2) "isolated bursts" were 
typically narrow band and the centre frequency was usually constant. 
However, some bursts which appeared as short isolated, bursts on 
I5 
	 16 
Fig. 26. Burst recorded on 17th July, 1960. Compare this with the burst recorded 
24 hours previously (Figure 28.). 
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Fig. 27. Noise storm on 30th August, 1960. 
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Fig. 28. Noise storm. 
4.1<cis 
amplitude (pen) records showed some variation. That shown in 
Figure 26 is an example of this. The spectrogram shoal that 
this burst lasted about *hours and was fairly narrow band 
except for 4 short time (1515 to 1530 La.) when it appeared on 
the 4.3 hots pen ohannel. It slowly drifted downwards in 
frequency so that at about 1600 L.T. it became obvious on the 
1.8 kola pen channel. This burst can also be found in Figure 22 
where it appears as an "echo" of a previous noise storm "spike" 
(see also Figure 28). 
During *noise storms" the bandwidth, and to some 
extent the centre frequency, varied greatly. This 	seen in 
Figures 27 and 28. To some, anciperhaps to a large extent, the 
amplitude variations as observed on a narrow band fixed frequency 
reoeiver are caused by these frequency variations. In contrast to 
the frequency-time traces of discrete emissions (as observed on 
fast spectrograms), the frequency-variations of hiss during "noise 
storms" do not dhow repeatable forms. However, the variations 
are not erratic and are rarely discontinuous. Wide band noise 
thus appears to grow out from narrow band noise, though it may 
extend mainly to higher frequencies as in Figure 27 or mainly to 
lower frequencies as in Figure 25, 
As was seen in Section 3.1, the frequency extent of 
wide band hiss oan be very large (some eleven octaves). Thus, at 
times, hiss has been observed at Hobart at frequencies from about 
100 0, to over 200 kola. On the other hand whenever narrow band 
hiss odourredt both during "isolated berets" in magnetically quiet 
periods and during "noise storms" in severely dietwebed periods, 
its centre frequency was usually around . 3ko/s. It was never less 
than 2 kois or greater than about* 8 kobs. 
c7 
* The upper limit is not well kfleft as it was outside the range 
of the spectrum analyser. On tare occasions hiss Occurred on the 
9.0 ko/s pen ohannel whieh did. not appear on the 4.3 Ws channel. 
A 	 3.3 TEMIQUES. 
3.3.1 General  
A block diagram of the complete receiving system is 
Shown in Figure 29. Two vertical loop antennae were used. The low 
frequency ( 	10 Ws) loop had, six turns of hook up wire. The 
high frequenoy loop had two turns made from standard 300 ohm ribbon • 
transmission live. Both loops were triangular (40 ft. base, 20 ft. 
height) and of area 40 sq. metres. In both cases the signal Was 
fed into wide band pre-amplifiers situated near the loops, The 
pre-amplifier outputs were fed into the remainder of the equipment 
by coaxial cable. This equipment was housed about a hundred metres 
from the loop antennae to minimise power supply pick up. 
For the highest two frequencies (70 kale and 230 Ws) 
standard oommunieations receivers (B1155) were used. The frequencies 
ohosen were comparatively free from communioation interference. 
The detector outputs of these receivers were amplified and applied 
to the deflector plates of a twin beam cathode ray tube. This was 
recorded on 35mm film moving continuously at a rate of one or three 
inches per hour. 
Two systems were used for the lower frequencies (100 ci/s 
to 10 kc/s). Originally, as shown in Figure 29, the pre amplifier 
output was further amplified (W.B.A.) and then fed through cathode 
followers to seven fixed-frequency tuned amplifiers and two sweep-
frequency spechrum analysers. , The bandwidth of the fixed tuned 
amplifiers was approximately one tenth of the operating frequency. 
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Fig. 29. Block diagram of receiving system. 
A, minimum reader circuit similar to that shown in Figure 11 was 
used for pen 'recording. 
The system so 'far described Used. standard techniques 
and so will net be described,iw.greater .detail. Lister system 
used separate complete' receivers for each channel. A oircuit 
diagram is shown in Figure 306 , This is a.slight modification of . 
that designed by Ellis, which is fully described elsewhere23. 
The two channel sweep.frequenV ,speotrwn analyser used 
standard heterodyne techniques. The high frequency (400 o/s to 
6 ko/s) channel had 4 10041 oscillator meohanitically swept (motor 
driven cam) from 20 ko/s to 26 ko/s. Its intermediate frequency 
amplifier had, 4 centre frequency Of 20 ko/s entbsnAidlh of 40 Ws. 
The low frequency limit' (400 0/s) was set..by.local oscillator 
break through. The OweOP.rate.was 4.sweeps per minute.' The low 
frequency channel (100 :c/s to 400.0/s) was basidalIystailars 
IA. sweep from..2.0keis to 2:6 kohl, Ia. of 2.0 kols with 10 0/0 
band width, and sweep rate of 2. s.p.m. The outputs of these 
channels modulated the intensity of two in-line traces on a twin 
beam 044. .koircuit diagram of the intensity modulator is shown 
in Figure 31 and is discussed below. . 
In the quiescent state current through Fl and hems MI 
produces a potential difference aoross B1 and. hence between grid 
and cathode of V3 sufficient to keep V3 out off. A sufficiently 
strong (negative) signal on the grid of 111 will out off 1T1 and 
thUs . allow 43 to conduct and asoillate. The output of this 
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Fig. 30. Circuit of complete (single channel) receiver for hiss. Resistance units 
are kilohms and capacitance units are microfarads. Transformers T 1 and 
T 2 are ferroxcube potc ores wound with 30:3000 and 1000:2000 turns 
respectively. Diodes D I and D 2 are 0A202's (silicon). The values of 
the tuning and detector integrator components depend on the centre 
frequency and bandwidth required. 
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Fig. 31. Two channel intensity modulator. 
oscillator is amplified by V4 and applied to the 11 deflector 
plate of a twin beam C.R.T. Also applied to 11 is a time base 
voltage 012 and C) and a shift voltage (P3). Thus in the absence 
of a strong input signal the O.R.T. spot moves across the screen 
at a constant rate in step with the freqnency sweep. then a strong 
signal input triggers the oscillator the C.R.T. spot has impressed 
on it an additional very strong and very rapid movement. This 
tends to make the spot invisible. This effect is augmented by the 
Characteristics of the C.R.T. screen phosphor and the photographic 
emulsion. The second channel' operates in precisely the same way 
and its output is. applied to Y2. The net effect is two separate 
in-line traces Which can have different amplitudes and time bases 
and which can be intensity modulated independently. Incidentally 
this intensity: modulation' is "direct Coupled", i.e., it has full 
response down, to zero frequency. 
3.302, Calibration  
Two basic methods of intensity calibration were used. 
In the first the loop antennae was replaced by a signaa generator 
or standard noise generator of the same impedance. Intensities of 
hiss were then deduced from this receiver sensitivity calibration 
and the effective height of the loop antenna calculated from measure-
ment of its physical dimensions. The second method gem direct 
calibration by generating a known field strength in the vicinity of 
the antenna from a remote auxiliary loop. This method has the 
other advantages that the receiving systen is not disturbed and that 
the calibration signal has to compete with interference (atmos.. 
pherica) in the same way as does the hiss signal. Both these methods 
gave Consistent results. The _calibration and reading accurancy 
(about 10) was more then adequate for the arguments presented in 
this thesis.- 
:VI -addition to Manual ,abeolute , intensity and 
frequency caIibrations v several calibrations were applied auto
Matioalli. At the'legilmting of wary hoar a time martinis applied 
to all channels for about two ad:antes: At :first this was done by 
ranwringliie output from the preamplifiers, but later by replacing 
the loop antennae by dummy loads (as in Figure 30). This second 
method also provided a zero level. An additional time mark was 
applied at noon and Midnight (local time). Iater an this was 
replaced by-an automatic noise generator calibration (using a 
oilicondiode8°). Two frequanoycalibrations at harmonise of 
00 c/s and 1 ko/s (using a mditivibrator) were applied to the 
spectrum analyser each hour for 'd6mxt one minute.- 
The timing 'for these operations was derived from 
synchronous motors fthepower'frequenoy in Tasmania is quite 
stable). All reaordirwdevices such as the film and paper chart 
drives were motor driven from the A.O. mains supply. To avoid 
ambiguities in timing arising from -a poser failure, and in 
particular a series of poser failures, a relay operated 'by the first 
power failure transferred the timing to a clock work system.- This 
relay was reset manually along with the syndhonous timers. 
4.3 
4. 'MIEN OF THEORIES OF GENERATION OF V.L.P.  
EMISSIONS.' 
4.1 Early work. 	Many of the early ideas on generation of V.L.F. 
emissions were borrowed from solar radio astronomy. when work is 
this field began, solar radio astronomy had already made over a 
decade of progress in observations and theoretical work, However, 
it should be noted that the earliest of the ideas discussed here is 
eee less than five years old. Because this whole field is so new 
the development of ideas from crude to sophisticated does not fit 
a strictly chronological pattern. 
- The sun's corona is in many ways similar to the 
earth's exosphere. Some writers have in fact referred to the 
exosphere as the terrestrial corona. The exosphere is-much smaller, 
colder and less dense-and the magnetic field is weaker. -The-last 
two points also amount to a scaling down (from H.F. to V.L.P.) of 
the natural resonance frequencies, thee gyro and plasma frequencies. 
Another difference is that the magnetio field of the sun is highly 
complex while that of the earth4s fairly closely dipole. 
Nevertheless it is surely significant that in 
.both regions electro-magnetic phenomena are produced at frequencies 
of about the same order of magnitude of these natural resonance 
frequencies. Thus many of the processes,which.account for.H.F. 
emissions from the. solar corona might well account for T.L.P. emis-  • 
sions from the earth's exosphere. There is an essential difference, 
,however. In the solar case only processes allowing outward 
propagation from the region of generation to interplanetary space • 
and ultimately to the earth can account for observations made here 
on the earth. Quite the reverse is true for V.L.P. omissions . from 
. /2. 
the earth's exosphere: inward propagation is necessary for 
observation on the earth's surface. This point rules out many of 
the prooesses which work in the solar ease. 
Some of the processes which apply in the solar 
case are synchrotron radiation, ayolotron_radiation, and plasma 
oscillations. The first two are related to the particle gyro 
frequency given by 
h 	B 12n.. 
where 	e is the particle* charge 
mis the particle*. mass. 
B is the magnetic intensity 
- .Synchrotron.radiation.is-produced by relativistic 
electrons at multiples.ofYthe'(particle).gyro frequency. For very 
energetic-particles most of_the energy is radiated at the.high 
herMonics. .Cyclatron'radiatiaa is produced by non relativistic 
partioles at the gyro frequency only. 28 Suggeated that the 
narrow bad 4ke/s hissowich he observed might be cyclotron radiation. 
The (electron) gyro frequency has this value at aboUt6 earth radii 
from the centre of the earth 28 This is the region where particle 
stream's from the sun should be stopped by the geomagnetic field 28  4, 
Plasma oscillations occur at the frequency 
p2. = N e2 /ir m 
where N is the partiole deAaty. 
* We are mainly concerned. with electrons here. When we consider 
protons we will use H and . M for the proton gyro frequency and mass. 
... 3 
Plasma oscillations are excited. by fast particles* but it ia not 
these particles which radiate as in the.s7nOhrotron and cyclotron
coos, but the median itself, the plasma, . 
We.will.now see if any of. these processes allow 
	
downward propagation at V.L.P. 	the exosphere through the 
ionosphere to the earth's surface. The only-propagation made 
allowable-is the-"whistler mode": the longitudinal extraordinary 
mode below the .gyro frequenoy. The refractive Odes of this mode 
(n) is given by - 
n2 P 
.f 	 (4N1) 
where f is the frequency of the wave being propagated and p and h 
refer to electrons. 
. 	Since propagation is not possible for .f > 11 * . 
synchrotron radiation from electrons will not be observable (except 
possibly at the fandamental_foh). At fish the.refractive,index. 
becomes Infinite and the attenuation very large. Thus even cyclotron' 
radiation (from eleotrons).will be severely inhibited. As we-will 
see in ohapter.% the electrondensity' In the exosphere is approxi-
mately proportional to the magnetic' field strength, thus 
constant ( 	I MS/s) 	(+a) 
Since, in the exosphere h < =cis then p > h. Consequently, 
electron plasma oscillations cannot propagate down to the earth. 
However, the exosphere must be electrically 
neutral so that in all regions the electrons mast be balanced by an 
eve,' charge of ions. These will be almost entirely protons. The 
presence of these protons has relatively little effect On the 
refractive index as calculated on the electron component alene 46, 
but it does present the possibility of proton emission processes. 
proton plasma oscillators could 
500o/s. This probably 
as the earth's exosphere. 
Pr 
The proton gyro frequency H is given by s.. 
h/2000 
The highest proton gyro frequencies will occur near the earth's 
surface and. near the pales. Even there it is only about 800e/s. 
Thus although allowable as far as downward propagation is concerned, 
cycletren-radiation.frem protons would occur at frequencies tee low 
for merit of the V4P. emissions discussed. in Chapter 2. Airons and. 
19, 20, 21 co.werkers 	. suggest that their-narrow band emission at - 
750 cis was proton cyolotron radiation. On the other hand synchro-
tron radiation at multiples of ft produced by highly relativistic 
protons might resolve this difficulty, At a given point in the 
exosphere a series of tones separated by g (a few cycles per second, 
generallir) would be produced. Since these . tones would be rising the 
net result would, probably be indistinguishable from wide band noise. 
However, there are probably not enough relativistic protons to pro-
vide observable intensities even if most of the energy of these 
protons is converted into eleatro-magnetic energy in the V.L.P. band. 
An 0040 suggested proton plasma oscillations 
as a possible mechanism for dawn *home. Re pointed out that a 
cloud of incoming fast particles might excite oscillations at 
decreasing levels in sequence. This would appear as a series of 
rising tones to an observer on the earth. A_similar process was 
thought to produce Type III solar radio bursts, The proton plasma 
frequency (P) is given by :- 
p2 	irm 	„• p2 /2000 
Thus 	ZIA 	500:0/s 
Consequently downward propagation 
scour for all regions for which h 
includes all of what we will defter 
5 
.• 5 •• 
The much greater mass of protons make them very 
poor radiators compared with electrons. It is doubtful if any of 
these proton processes could produce an observable amount of 
radiation. This and a more sophisticated proton process will be 
discussed in a later section. 
44 2 Cerenkov Radiation, 	This. is. produced when a charged part icle 
travels in a medium -at a velocity greater than the phase velooity 
of electromagnetic waves in that medium, Radiation is produced _at 
all frequenoies for_which -this condition holds. It has been obser-
ved and studied in the visible light region for several decad.es. 
It was proposed as a mechanism for the generation of most of the 
nom-thermal radio emission from the sun by Marshall ' . Noting this 
Falis48 showed-that Cerenkov-radiation-would.also be produced in the 
exosphere at V.L.F. From (*.I) and (4%2), even for h >> f t the 
(phase) refractive index is greater than 10 for f 	10 ko/s. The 
refractive index will also be.high near the gyro frequency (11-f 
• small). Thus in both oases V.L.F. emission would be produoed even 
from relatively slow particles (0.Ve.C.). The emission would gener-
ally be broad band hiss. 
At first it appeared that the amount of 
radiation produced would not be sufficient to produce the observed 
int ens it Jos. However, rocket 49 and sattll it 041 measurement a showed 
that _streams of incoming particles were stronger than previously
.  
•supposed. Also Jelley5° pointed out that small (of dimensions much 
less than a wave length) irregularities would radiate coherently, 
so that .the radiated power from each irregularity would be propor-
tional to the.square of the number of particles it contained. Quite 
a small amount of irregularity or "bunching" suffices to explain the 
observed intensities. 
C.s 
p. 
041106 ,01,111 
In a sense it is the medium which 
radiates rather than the particle or "bunch". Ta a magneto active 
plasma such as the exosphere or the solar corona the prooess is 
much more complicated than in the simple media for which the 
Cerenkov expressions were originally derived. A. vigorous theoreti. 0; 
cal tkeatment4Cerenkav emission produced. by a single electron moving 
in a magneto active plasma is given by Eidman 51 
*.3 T W T Amplification. The ideas discussed above have been 
borrowed from solar radio astronomy. We now consider an idea 
borrowed. from laboratory U.H.F. techniques. tra—difolnialskis , 
AppgiredseAstui In the travelling wave tube (TWT) amplifier an 
electron-beam and an electro.magnetio.wave travel down the axis of 
the tube. .A slow wave structure reduces the phase velocity of the 
wave to a_valtte considerably less than.the free space velocity C. 
The longitudinal component of the electric field of the. wave can 
interact with the electrons in the beam. When the electron velocity 
(or component along the axis of the tube if magnetic focusing is 
used) is equal to the phase velooity of the wave, electrons lose 
energy to the wave so that the wave grows exponentially. Collet 
and Benison 52 suggested that the same process might occur in the 
exosphere. The slow wave structure of the laboratory Twr is replaced 
by.the.high refractive index of.the Whistler mode in the exosphere. 
Both streams of electrons and V.L.P. waves in the exosphere will tend 
to travel down a magnetic fieldlime and thus be confined to.a 
magnetic tube of force. Aaubstantial longitudinal oomponent of 
electric field of the wave will exist for interaction with the 
electron stream52 When the velocity of the electrons (assumed to 
travel exactly down the field line), pa, equals the phase velocity 
GI 
..s74.: 
of a wave, cin, at frequency f, then amplification is produced at 
these frequencies. 
: Thus from the condition s— 
And from (17.1), assuming n 2 >> t, they found 
f is 7 Il i . 0 _ 4ep2  
• 
.. 	2 
h 
h 
It is seen that two frequencies (f$  'and f- ) are amplified. The 
Cersdkov condition discussed . above is 
Thus Cershkev radiation is produced in two bands, covering the 
frequencies o to 	and f+ to h. If we .impose. the restriction on 
Ceredkov:radiat ion that emission is only allowable in a direct ion 
along the .field line then Cerehkov radiation is also only allowable 
at these two frequencies, el. and C. 
The attraction of the Tie process (or. 
restricted Cerenkov emission)/ is that at a given small region only 
two frequencies ere.produced... If the electrons in the stream all 
have much the .same velocity and if the length-of the Stream along 
the. field line. is short. (a few hundred kilometers) then only two 
narrow bands will be amplified at a . given time.. As the stream 
progresses down the field.line the centre frequencies of these bands 
will vary. To an observer on the earth these will appear As time 
varying.t ones. Gallet and Belliwel/ 52 showed that the frequency — 
time sequence of one. of .these narrow bands (f—) agrees .olosely with 
that .observed for some types of discrete emissions ("hooks". "quasi 
constant. tones"). Typically the frequency (e) is fairly constant 
relile the stream is in the exosphere but rises rapidly when the 
•• 8l• 
stream enters the upper ionosphere. 
If amplification is restricted to the 
exosphere where the f- is fairly constant then a long stream of 
monoenergetio .electrons should produce narrow band. hiss. It seems 
reasonable that greater amplification would be produced in regions 
and for electron velocities for which the frequency of amplification 
is slowly varying. Some further observation and theoretical develop-
ments have made this theory more attractive. For these reasons 
this idea is mach further developed in Chapter 6. 
4.4 Doovher Shifted. Cyclotron Radiation. This is presented. at this 
point because these ideas followed (and perhaps were stimulated.by) 
the NT paper by Gallet and Helliwell. Mao-Arthur 53 pointed out 
that protons gyrating at frequency H will appear at the doppler 
shifted and thus• much higher frequency f if they are rapidly 
approaching the observer, where 
X 
where 134 is the velocity component of the protons in the direetion 
of the magnetic field (and direction of propagation). He showed. 
that this approximated the TWP.expression given above. Essentially 
this is because-for Elf •<-4- 1, npa 	1. The same process was also 
considered by Muroray and Pope. However, they used the refractive 
index at frequency H rather than that at f and consequently obtained 
a different (and erroneous) expression. 
Muroray and Pope54, 56 
pointed. out all advantage of the proton gyration theory over the re 
the errs a quant it at ive estimate of radiation can be made. On . the 
other hand. such an estimate made -by Sentiroeco55 indicated that 
proton radiation would be much too small for detection. Murcra,y 
7, 
f 
0 
0 
and Pope56 countered this by showing that sufficient radiation would 
be produced if the protons radiated coherently. There are a number 
of flaws in Sarctiroccots argument but his conclusions are eorrect. 
It is unrealistic to suppose that enormous numbers of protons would 
radiate coherently. 
While working on this 
review, an idea occurred to the writer whioh would resolve this 
difficulty. Sant:Sirocco gave an expression for radiated power which 
shows that this is inversely proportional to the equare of the 
particle mass. Thus ane would expect -the radiated power from gyre, 
ting electrons to-be greater than three million times that from 
protons, other fact ors being the. same. But only radiation emitted 
at frequencies less than the electron-gyro frequency can propagate 
down to the surface .of the earth. Thus we require a downward, 
doppler shift of the frequency h. This would happen if the electrons 
travelled .1mm. from the observer. This idea is developed in 
Chapter .  7
inelcqutoy of proton radiction). 
4-. 5 Conclusions. All the mechanisms for production of V.L.P. 
emissions in the exosphere so far published (late 1961) have been 
reviewed above. The most promising ideas appear to be the TV! 
amplification process (mainly for hiss) and doppler shifted cyclotron 
radiation, at least for electrons (tow=d4soliete=emeiseftnir). Before 
these.ideas (particularly the former) can be further developed it 
is necessary to Obtain an expression for the variation of electron 
density in the exosphere along a geomagnetic field line. This is 
derived, in the next chapter. 
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• 5. ELECTRON DENSITY DISTRIBUTION ALONG A 
GEOMAGNETIC FIELD LINE IN THE EXOSPHERE. 
5.1 Introduction.  
Over the last few years whistler (and to 
some extent, micropulsation) studies have yielded 
considerable information about electron densities 
in the exosphere out to several earth's r6:(1 -ii_: 
Howevei*he , measured quantities (delay times) are the 
_result of an inttrgration over the whole path along 
the field line. The important contribution to this 
integral occurs at the equatorial plane where the 
electron density and magnetic field are least for 
the path. The value of this integral is relatively 
insensitive to the way in which the electron density 
varies along the path. Thus whistler work has pro-
', 
duced faiAy accurate estimates of electron density 
in the equatorial plane but relatively little 
information as to how the electron density varies 
along the path (field line). 	It is this manner of 
variation which we require foYthe discussions in 
chapters 0 and V. 
An assumption oftenhade is that the electron 
density is distributed with spherical symmetry about the 
centre of the earth. This would be logical in the 
absence of any magnetic field as any local discontin-
uities would tend to diffuse over a sphere. 	In the 
presence of a magnetic field, however, charged 
particles are fairly well confined to a magnetic tube 
of force so that diffusion would take place along the se. magnetic field lines. 	Some workers have adopted a 
gyro frequency model, that is, the electron density 
is everywhere proportional to the magnetic field 
strength or gyro frequency. As it turns out in this 
chapter, this is a good approximation. However no 
theoretical argument justifying this has been given 
previous to this work (1960). 
This chapter is an attempt to take this 
effect into ancount and derive the distribution along 
a field line on the assumption that the tubes of force 
are supplied with charged particles (electrons and 
protons) from the upper ionosphere. The particles 
will move in helical orbits along the field line 
(Figure u). 	Since the cross-section of the tube of 
force rapidly increases towards the equatorial plane and 
since the pitch of the helices decreases (i.e. opens 
out) in this direction we would expect the density 
to decrease rapidly. 	Collisions are neglected except 
in the source regions near the earth's surface. Here 
79- 
down coming particles which are scattered and"lost" 
are replaced (assuming equilibrium) by an equal number 
of up-going ones. 
Thus the distribution of the thermal particles 
(electrons and protons) which make up the medium is 
derived on the assumption of injection near the earth's 
surface (upper ionosphere). The distribution of the 
faster particles which produce aurora and airglow and 
presumably V.L.F. emissions is derived on the assumption 
that these particles are injected into the tubes in 
regions farthest from the earth, tha*s near the equat-
orial plane. Finally, for completeness, the distrib-
utions for injection at ani point is derived. This 
latter is briefly discussed with regard to the outer 
Van Allen belt. 
If the source distributions, both along 
the field lines and across the field lines, were 
known, it would be possible to find the particle densities 
at any point in the exosphere. This is done in the 
case of the thermal particles making up the madium 
$ourc ,a.. 
by taking a simplified model ofA electron density 
variation with geomagnetic latittde. 
75* 
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.5.2 Theory. 
The various equaitions describing the 
dipole magnetic field, a line of force and a tube 
of force are given (Alfven56 , Chapman and Sugiura 58 ,): 
R 	= Ro cos 1.. 
Ro = sec2X 
E = Bo 
BA = B0  A0 hence A = ito/ri 
ds 	R Ocos t_ o 
where: 
R -= radius vector in earth radii?  
-88605inates t 	latitude angle 
X = geomagnetic latitude at which the line° 
of force cuts the earth's surface 
L = latitude of injection point 
B = intensity of the earth's magnetic 
field 
= 0 sec 6t 
0 = (1 + 3 sin20* 
A = cross section area of tube of force 
= distance along line of force. 
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04 5 	Some of these definitions are illustrated in Figure n. 
Subscript "o denotes values for which t . 0 (i.e. in 
equatorial plane), and subscript "L" values for which 
t L, subscript "A" values for which t = A (earth's 
surface), 	We note immediately that: 
o = 00 =1* 
We consider one of the particles spiralling 
along the line of force determined by "A". At the 
point determined by "t", let its pitch angle be "LP" and its 
speed "v". Equations governing its motion (Gold 59 ), 
are: 
v = vo (constant) 
Bo/ sin2yo 
Hence: 	s1n2Y= I sin2 Yo 
The velocity of the "guiding centre" of 
the spiralling particle is: 
ds = v cos kl) = v(1 - sin2 q) 
=v(1 - sin2y 0 )* 
The probability of finding this particle at position 
itko is proportional to g 
Now 	= dt 	dt ds -7: = Roio cos 	NT(1 	sin2 y0 )1r az  dedl 
If we consider a large number of such particles 
(t,y 0 , v) the density (cm-3 ) will be given by 
Fig.  32. Definition of coordinate system. 
7 3 
g 	 Fig. 33. 	Pitch distribution for isotropic injection. 
7 ct 
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kTo - 4 = 11 14 co, (I-  
where k is a constant of proportionality. 
In the equatorial plane: 1412 0 
( 	= 	s A o v 
Hence 
fir () 	= 	( ye ) 11 4 cos t cos 	( — 5;1,;- Lei.) 
We first consider the simpler case 
of a source of particles in the equatorial plane 
(L = 0). 	If the source is isotropic (no pre- 
ferred particle direction) simple geometrical 
considerations (see Figure 33) show that the 
distribution of pitch angles will be given by 
	
d N0 ( kt..)' N0 si" `11° 	4° ( s. 1) 
where the expression on the left hand side represents 
the density •( t . 0) of particles having pitch 
angles in the range q). and 
Substituting this for s:(q/o) in equation (5.1): 
s 	(i — 	 ki?„ 
The total density at point -:_idt is given by inte- 
gration over all allowable values of q/c, from tilc,=o 4-0 47. 
• 1- -07.- = its maximtm value 111: given by 	- — I 
ir Particles which had pitch 1J1 will have pitch tk 
Ab v cosy. 
Ilk 
Ir 
at this point (magnetic mirror point). Part-
icles of greater pitch will have been removed 
by magnetic reflection before reaching this point. 
Hence 
N 	N. 
ir 	 I cs . 
 = 	ti 	co5 t 	suq ki) c_os tp. 0 i  c - s i a a 
Putting 
• ( 	1 5 	4:„ 
N = 	ri cD, tSfo oks 	= 	N0 q cose 
The expression 0 cos 	unity 
at t= 0 and at sin2 = 2/3 (1- 5-54 	It has its 
maximum value (1.15) for sin' = 1 13  
Simple computation shows it to be within 15% of unity 
for t 
Hence this distribution which probably 
applies to the case of solar particles injected 
into the tube of force during magnetic storms 
gives a practically constant density along a 
, 	0 line of force for all lines (>%) up to X = " 
The thermal particles which make up 
the background medium are probably supplied where 
ionization is taking place, i.e. in the ionosphere. 
Accordingly we consider an isotropic source at L = 
The distribution of pitch angled is given (as in Equ. 5.2)by 
'Px) = N 	d Lk), 	(5.4) 
We relabel these same particles by the pitch angles 
No they would have on reaching the equatorial 
plane, where 
80 
= N x 	sin 	cos qi,c(- 1 )¼5in1 
( c.c.) From Equ.(5.1) we have: 
S' ( 
CA. 	
5 (
• 
n 
4, 	 s 
Differentiating: 
2 	g'x  Cos'4) A ot 	 SI4.4J0  cos 
Hence 
C—o S 	
kpc, 
c-os 4,0 ( — 
 
 
V 	 Relabelling qu.(5.4 ) and substituting: 
siiAL tp.) .1 
= 	( Lk) 	
 
46p,  
	
. 	At; Replacing N,('4.') 6 0N(') co (k) ° ° 
p. N >, 5 ; 4), 	 ul o 
 
Integrating from yo 
.... q t, 	 ( 1.1 -e t...c wt.  
1 % 
cb), c4.s X c 	s i PI kk _ 	 d 4/0 . 
7P-0 	16.64 4 V4 
■ / 1-0 1 ): 
• a. 
S 
N. 
= A cos 	— (I— 1/1) 7 1 
Hence 
S 	d d 	( q).) 	=;If)) 
We can now find N at any point "t," as in the 
previous argument by replacing the pitch distrib-
ution given in Equ.(5.2) by that in Equ.(5.8) 
except that the upper limit is now given by 
sinz = 	ri 
No 	 • ° 
i6cost [(1-1s"""41.)-1-f: 
 
(578 a..) 
	
= 1%L 54. c'os 	Jg(1) /JF( -110 
where fi) -" 	- 	 and use has been 
made of'Equ. (5.5) 
An approximation can be obtained by noting 
l(g) 	S 
Hence for I), ">• : 
ts4 .PG N. 	14 cos t 	 (s--.10) 
This approximation is good to within about 10 
provided lai >al ot s-ec LA/s.oc i'l >2. 0. 
It is easy to generalise these 
expressions for the case of injection at any 
point 2 = L. The argument from equation (5.4) 
to equation (5.8a) applies if the subscripts X 
are replaced by subscripts L. 	However the 
limit of integration!: at the point t )X depends 
on whether this point is on the earth side or 
the other side of the injection point I-, X. 
All the injected particles can reach points at 4 
, but some cannot reach points for-(>L. 
Thus ?is given by: 
L 
t 	L 
Substituting in equation (5.8a), where subscript 
X is replaced by subscript II: 
Q3 
	
N = 	N. 	c-o-t, • g Gi x )/E 
= 	N. i6 Co5 
A discontinuity in high order derivitives occurs 
in Iva) because the injections itself is a 
discontinuity. 	If a number of injection points 
or a smooth distribution of injection exists 
then the resulting density distribution would 
be a summation or integration of density distrib-
utions as given in equation (5.9a). 
The distributions derived have been 
expressedlin terms of No since for the thermal 
particles, this quantity (as a function of R. or X ) 
is the one most readily found from whistler and 
pulsation studies. 	However, the N0 (X) 
distribution is derivable if we assume a distribution 
of injection as a function of X .We take this to 
be equal to N x , the electron density in the 
upper ionosphere. A simplified model of the 
variation of this electron density with geomag-
netic latitude is : 
= 	\ 
where Ns is the density above the equatore(X=0) 
Substituting in equation (5.7) 
1 
N. = 7 g 
Yh 
2:$ 	N / a 0), 	-C..- 	X 	a se 
Or in terms of R. 	( 	> (• c) 
r40 " z 	( 4 - 
Substitution of these expressions for N. into 
equation (5.10), we get N for any point -t.,X : 
	14  40 	 ■ID CO'S t ON 
Or in terms of R : 
NE 
••■•• 
^ow 
Transposing we get the equation of an isopyc 
(surface of constant N) in a form suitable for 
computation: 
NE 	s 
3 
N 	4 - 74 • C°S1-4 
5.3 Assumptions. 	The main purpose of this 
chapter is the derivation of the electron density 
distribution along a field line as given in 
vs 
10?- 	 equations (5.9) and (5.10). 	The derivation 
is valid provided (i) that the geomagnetic field 
is approximately dipole, (ii) that collisions 
and (iii) gravitational forces can be neglected, 
and (iv) that the electrons (and protons) are 
supplied mainly from near the earth's surface 
(L It, 	). 	We will consider each of these as- 
sumptions separately. 
Recent data60 from the space probe 
Pioneer V indicates that the field extends out 
to about 14 earth's radii. Vestine and Sibley 61 
find that the field lines connecting the auroral 
zones (R.— 6) are not seriously distorted by 
solar streams, even during auroral displays. 
Thus the magnetic field is probably a dipole 
one out to about 10 radii. 
As pointed out in section 5.1, 
collisions in the region of highest collision 
frequency, the source regions, are effectively 
taken into account by the theory. In an exosphere 
of protons and electrons only collisions of 
electrons with protons are important since elastic 
collisions betwwenllike particles involve only 
velocity exchange and the much heavier protons 
ar4iot greatly affecte0ay collisions with electrons. 
Assuming a temperature of about 10/000 °K in the 
source regions, the thermal velocity of an electron 
would be around 108 cm/sec. The time taken for 
one trip along even a very long field line such 
as X =70° would be about 100sec. 	The effective 
average density N given by 
N s 	- N 
along this line ia about 80 cm-3 so that at this is temperature the effective colllion frequency will 
be about 2 ?< 10-4 sec-1 . Thus the probability 
of an electron suffering a collision during a 
single trip would be about 1 in 50. 
Gravitational forces can also be 
neglected if the matmum gravitational potential 
energy isbuch less than the kinetic energy of 
the particles. This condition is met for temp-
eratures in the source regions of about 2 °K for 
electrons and about 4000 °K for protons. Thus 
the temperatures of 10,000K assumed above would 
be adequate. 
When this chapter was first pre-
pared (1961) there was some controversy about 
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4 	the temperature of the souree regions. In 1959 
Chapman62 suggested that the temperature of the 
exosphere would range from 30,000°K at heights 
around 1000 km. to about 200,000°K where the exo-
sphere merges into interplanetary space. On 
the other hand satellite drag data63 give temp-
eratures of 1000-1500 °K at heights around 4R0 - 700 
km. Although the latter temperatures refer to 
the neutral particle gas which predominates at 
theselevels, Johnson64 pointed out (in 1960) that 
the electron temperatures would be the same. 
However the situation has since changed. Direct 
electron temperatures measurements 65 using the 
"dumb-bell" electrostatic probe installed in 
rockets87 , show that electron temperatures are 
about twice as high as neutral particle temperatures 
at heights up to about 300 km. Electron temp-
eratures deduced from nose whistler attenuation 88 
are of the order of 250,000N at about 4-4.5 
earth's radii. Recent theoretical considerations 89 
show that electron temperatures in the ionosphere 
may exceed neutral particle temperatures by a 
factor of three or more. Thus in the source 
regions (height of about 1000km) the electron 
temperature may well be of the order of (or more 
than) 10,000 °K, but direct measurements at these 
heights have yet to be reported. 
several complications arise if the 
source region temperature is low. At 1500 °K 
collision frequencies would be some twenty times 
greater than those for 10,000°K. The probability 
of an electron suffering a collision during a 
single trip would be then about one in two or 
three. Collisions would tend to randomise the 
electron pitch distributions. Thus we might 
expect that the electron density distrbutions 
along a field line would consequently fall off 
less rapidly than as given by equations (5.9) 
and (5.10). On the other hand the much heavier 
protons will be little affected by collisions 
and since the conductivity of the exosphere is 
very high the electron density must be everywhere 
equal to the proton density. 	The protons, how- 
ever, will now be appreiably affected by gravitation-
al forces. If the exosphere rotates with he 
earth these will be cancelled out by geocentrifugal 
forces at around 6 earth's radii tin the equat-
orial plane). 
Johnson66 has shown that the electrons 
etc. making up the exosphere must be of telluric 
se 
6 	(terrestrial) rather than solar origin . Hence 
the ultimate source must be the ionosphere where 
appreciable ionization is taking place. 	Equations 
(5.9) and (5.10) are derived on the basis of 
injection at t =X , that is, at the earth's 
surface. However even if the injection level 
is quite high, equation (5.9a) shows that the 
approximation (5.10) is unaltered. 
5.4 Computed Distributions. 	The distributions 
along the field lines X = 400  and X = 600  were 
computed from equation (5.9) using values of 
No of 10,000 cm-3 and 100 cm-3 respectively taken 
from the Allcock- Obayashi curve in Figure 35. 
These are shown in Figure 34 together with dis-
tributions computed from this experimental curve 
for a spierically symmetrical distribution. 
The dashed portions of the curves correspond to 
extrapolations into regions within the upper 
ionosphere (within 1000 km of the earth's surface). 
The fact that the discrepancies between the two 
types of_distributions change sign between =40 ° 
and X = 60° suggests that the spherical symmetry 
distribution may be a reasonable approximation 
within this range of X 
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Fig. 34. 	Electron density along a line of force. 
Fig. 35. Electron density along a radius in the equatorial plane. The 
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The electron density in the equatorial plane 
(No ) computed from equation (4.11) as function 
of radial distance (Ro ) is shown in Figures 35. 
Also shown is Dungey's67  theoretical distribution 
N .K.Qx r (z.6-/R) , a composite experimental curve 
by Allcock68 (from whistler data) and Obayashi 69 
(pulsations), and two curves by Smith43 from 
nose whistler data. These have been scaled 
to the Allcock- Obayashi curve to agree at R o. 2. 
Smith's nose whistler data (published after this 
work was done) is considered the most accurate. 
Obayashi s work has since been questioned. 
The two curves by Smith sorrespond to two periods 
of observation some six months apart. For agree- 
ment with Allcock's data at Ro 2, we require 
NE = 2)(10 5 cm-3 in equation (5..11). 	Very good 
agreement with Smith's data at all points is 
reached for NF = C Ki (1/1. "j3 . 	 Both of these values 
of NE are consistent with experimental measure-
ments70 of the nonn maximum density of the iono-
sphere (Nmax  ) at the equator of 20 (10 5 cm-3 and 
values71of N/Nmax  of about 0.2 at around 800 km 
(source region?) found by satellite experiments. 
Values of electron density (N) were 
computed for a large number of points (> ■ ) -e ) 
4.) 
q 2, 
for field lines up to X = 80 0  from values of No taken 
from the experimental N 0 (110 ) Allcock-Obayashi curve. 
For X .> 65 0  values of effective No were obtained by 
extrapolation. Resulting contours of electron 
density or isopycs are shown in a plane containing 
the geomagnetic axis in Figure 36. The field line 
X = 700 is shown for reference. This suggetts 
'considerable extensions of electron density in the 
direction of the axis. 
Aftcr thic work wao done (1960) Obayaohi'o 
7:tt". 1 	•!: 	ed_f 	a t.: 
Since Smith's data43 fits equation (5.11) so well 
the assumptions involved in the derivation of (5.11) 
and (5.12) must,be reasonable. 	Contours were then 
calculated from equation (5.12) for N E = 6x104 cm-3 
as shown in Figure 37. The anomalous features in 
Figure 36 due to use of Obayashils data disappear. 
The polar dip shown in Figure 37 should not be taken 
too seriously since N 	the poles is not zero. 	In 
any case this type of treatment cannot be applied at 
very high latitudes as the magnetic field will not 
be dipole. The curve labelled "V in Figure 37 
is one of constant magnetic field strength or gyro 
frequency and is shown here for comparison. 
Fig. 36. Electron density contours derived from the experimental 
No (R0 ) curve of Allcock and Obayashi (Fig. 35). 
Fig. 37. Electron density contours calculated from equation (5.11). 
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The process of calculating, a density 
distribution from a source distribution can be 
reversed. Thus some idea of the injection points 
can be obtained for a given density distribution. 
This was done for published72 count rate contours 
of the outer Van Allen belts. It was assumed 
that the count rate would be directly proport-
ional to density. Count rates as a function 
of (4,X ) taken from contours are shown as the 
solid curves in Figure 38. The calculated curves 
(dashed) were found in the following way. It was 
assumed that the outer Van Allen belts are filled 
from isotropic point sources (one for each field 
line) in a short time at time t = 0. After 
a time interval t, long compared with this filling 
time, the original density distribution N(0) 
calculated from equation (5.9a) will have decayed 
through collisions with neutral particles to N, 
where 
N =  
where I) is proportional to the neutral particle 
density as given by Singer73 . 
The injection points for calculated 
density distributions which give the best fit 
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Fig. 38. 	Flux of fast particles along a line of force. 
et 
are shown by the small circles in figure 38. 
The agreement is not close. The "measured" 
densities (count rates) decrease too rapidly 
towards the equatorial plane for X = 65 ° and 
X = 700 . No injection distribution could 
produce this effect. However it appears that 
the experimental data is no sufficiently accurate 
to draw any conclusions from this. 
5.5 "Scale frequency" of the exosphere.  
A further approximation (4 cos 4 
4 of (5.10) gives N "el or N -= B. Since N < p 
and B 	where p and h are the plasma and 
gyro frequencies, this can be expressed as: 
2 p = ah . 	(5.13) 
The constant of proportionality, a, has the dim-
ensions of frequency and so might be called the 
"scale frequency" of the exosphere. It is typ-
ically around 1 Mc/S (as deduced from Smith's work"' 
To the extent that the "gyro-frequency 
model" (N 	B) fits the real exosphere, the 
scale frequency is constant. However for any 
other model of the exosphere the scale frequency 
can be considered a varying parameter defined 
9 c. 
Gi rl  
by (5.13). 	Thus (5.9) becomes: 
5 	(74) Li E 
which for I 	I and 1 x sb 7 becomes:  
	
cos - 	 Ct. 0 
Since these equations and Smith's 
data43 show that the sdale frequehey is at least 
quasi—constant than variations in space and time 
could be senbitively expressed by it. 	Scale 
frequencies can be deduced from whistler measure-
ments of nose frequency (fn ) and time delay at 
this frequency (t ). 
It has been shown90 that for a wide 
range of exospheric models the nose frequency 
dispersion (Dn = tn f!) is related to the "low 
frequency" (f -4- 0) dispersion, D(0), by: 
Dn = 1.456 D(0) 
3)(0) = 	= g t 
1 c 
To the extent that the scale frequency is constant 
along a field line: 
( 0) = 	slc 
where s is the half length of a field line. 
Thus we have 	
a 	N 	C:13 
	
“f- a.) 
L. Lt. •St 	 = 	(1-4-cc. C.: 13 sic-) —1- 
	
(s7trf. 
where 
Since both s and fn are fundtions of latitude 
q11 
2 	then s can be expressed in terms of fn. Thus 
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N is a function of fn only. 	In this particular 
form, N is a slowly varying function. A nomo-
gram based on (5.14) and given in 6hapter 9 (see 
h 4 Figure 53) enables quick evaluation of a fciTm 
fn, tn data. 
N. 
6. THEORY OF GENERATION OF CONTINUOUS V. L. F. 
g 	 NOISE ("HISS") FROM THE EXOSPHERE. 
6.1. Introduction. 
As discudsed in Chapter 4 the TWT process 
was proposed by Gallet and Helliwel1 52 to account 
for the frequency time characteristics of the 
discrete emissions. 	However, as we will see, this 
process can give qualitative agreement with only 
one or two types of discrete emissions: "quasi-
constant tones" and those "hooks" which are pre-
ceded by a quasi-constant tone. Furthermore, this 
process is inefficient for the production of rapidly 
varying tones. On the other hand, it is well 
suited for the production of hiss. In this 
chapter, by taking into account the spiral motion 
of electrons travelling in the magnetic field, the 
interaction distance for which amplification at any 
frequency can occur, and the slowing down of the 
stream electrons by the wave amplification, it is 
shown that all the important characteristics of 
hiss can be produced by the TWT process. 
Gallet and Helliwell made the simplify-
ing assumption that both the electrons of the stream 
and the amplified wave travelled exactly along the 
(Co 
2 	 direction of the magnetic field. Since their work 
it has been established by several workers that field 
aligned columns of ionisation occur in the exosphere 43 
and these produce a strong wave guide action in the 
very low frequency range 35 . Thus the second assumpr, 
tion is well justified. The irst assumption requires 
modification. In general the electrons will spiral  
down the field lines. The pitch at any position 
is determined as in chapter 	For the low energy 
particles required for this process (at most a few 
k.e.v.) the radii of gyration will be much smaller 
than the extent of the wave front. Thus it is the 
compowallhof particle velocity down the field line or 
"guiding centre" velocity which must be equated to 
the wave phase velocity. 
The analogy of this process with the trav-
elling wave tube is perhaps closer than envisaged 
by Gallet and Helliwell. A longitudinal magnetic 
field is often introduced into travelling wave tubes 
to focus the electron beams, and it is the guiding 
centre velocity of the electrons which determines 
the amplification. As the case of the laboratory 
TIT a (signal) longitudinal electric field is required 
for interaction with the stream. As pointed out 
by Gallet and Helliwell a substantial longitudinal 
component of electric field will exist in the 
to! 
3 	 exospheric TWT. It is the phase velocity of this 
component which is important, but for simplicity 
we will assume that this is c/n, where n is the re-
fractive index of the medium for strict longitudinal 
propagation in the extraordinary mode below the gyr& 
frequency ("whistler mode"). Thus for guiding 
centre velocity (3 dc the condition for amplification 
is 
n 13 d . 1 
• 	In addition to this we assume that, as 
in the case of the laboratory TWT, the amplification 
in decibels or nepers is proportional to the distance 
in wavelengths along the field line for which 
0 
	 amplification is possible at any on frequency. 
In the treatment given below the physical processes 
of amplification are not cosidered further. 
6.2. Amplified frequencies. 
Replacing f  by Pd in the necessary cond-
ition for l amplification to occur, we find the ampli-
fied frequencies 
[ 1:4 (1 — 
1. 
102, 
4 This is essentially the expression derived by 
Pallet and Helliwell as given in chapter 4. If a 
model of the exosphere is assumed this expression 
can be put in a form where, for a given line of force, 
the latitude angle co-ordinate is the only variable. 
To do this we assume that at least along the lines 
of force considered here the magnetic field is di-
pole and the electron density varies as derived in 
chapter 4. 
Thus: 
h = 0 
2 p2 = po r 0 cost 	for H > 1.25 
2 = 	2 (1 	1s1ri2 d) ) 7 o' 
Substitution of these expressions we find 
h 	4(4. 2 2 • 	2 f 	1   cos7 t (1 - I sin y 0 ) ho ..(6.1) 
It will be seen later that the frequency 
given by the minus sign is the more interesting. 
This can be put in a form containing relatively slow-
ly varying functions which is more suitable for com-
putation. 	We define: 
4
2 2 
o a 	[3 P 
h
2 
Z = a cos7 t (1 - sin2 Y 0 ) 
5  
Then: 
h 
	
f: = 	_ 
22 
P Po = —h-- \). 0 cos (1— s1n2 4) 0 ) 
0 
• • . (6.2) 
Frequencies as a function of the latitude angle 
have been computed for particles of various speeds 
and pitch angles travelling along the line of force 
which terminates at geomagnetic latitude 50 0. A 
smooth join to an ionosphere similar to that used 
by Gallet and Helliwell 52 has been made at a height 
of 2000 km above the surface of the earth. The 
results of this are shown in Figure 39. Except 
for the effect of the ionosphere the shape of these 
curves would be very similar for lines of force term-
inating at other latitudes. 	Only a change in fre- 
quency scale is required. The important parameter 
affecting the shape is EL'E. 	It is seen that in many 
cases the amplified frequency is fairly constant 
over great distances. 	This follows from (6.2), 
for 0 cost stays within 15 per cent of unity for 
e-=600, rapidly approaches unity for small 
values of z, and the term containing the pitch angle 
is fairly constant except near the mirror points. 
Uo4 	o (9.42_ 	c,o17 4-41. 	scat-42 -Cr ,,et.-.)(a.) 
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Fig39, Frequencies amplified by streams travel-
ing along the field line that terminates at geo- 
magnetic latitude 50°. These are plotted against 	300 
the latitude coordinate angle 1. The frequencies 
given by the negative sign in(6.1)are shown by the 
solid curves for several initial pitch angles 00. 
Those for the positive sign are shown by broken 
curves. (a) Stream of 0.25 key electrons. The shape 	100 of these curves is typical of a << 1. The upper 
frequency (J÷) approximates the gyrofrequency at 
all points and is thus well above the frequency 
scale shown here. (b) 2.5 key electrons., This is 
typical of the 'resonance' condition for small pitch 
angles: a 	0.6. (c) 5 key electrons. This is typical 	30 of g > 1. The 'noses' where the two branches meet 
occur at half the gyrofrequency. 
10 
1(cis 
1000 
(c) 
Of even greater interest are those regions for 
which variation of these terms nearly cancels 
out producing very nearly constant frequencies 
over great distances. At these frequencies 
amplification will be great. We will consider 
this in greater detail. 
6.3 Interaction distance. For appreciable 
interaction at any one frequency we require 
not only that the wave phase and particle 
guiding centre velocities be equal, but that 
this condition should hold effectively over 
some appreciable distance s. 
Suppose that initially (s = 0) 
the condition no d = 1 holds exactly at some 
frequency but further on due to changes in the 
guiding centre velocity of the medium the 
particle stream slowly overtakes the wave. 
The stream (guiding centre) velocity relative 
to the wave is thus: 
t 05" 
4v = .915; (n is d - 
In time dt 
d( s) =6,1r.dt t ds = -9E. dt 
Therefore 	d(A s) = (n (a d - 1) ds 
Now 	(n d - 1) = co 	n (3 d )* . a -8 
wheres 	 ) (n (3 d ) 1 = -3-s- (n ci ) f const. 
o o 
s 
c 
 s 
= 
Hence 	A s 	 (ni3 d ) 1 . de • ds 
*111 *Mai *L. 1615Wriart, V&A to On one of the 
curves defined by (6.1) the condition n d = 1 
holds at all points - changes in the medium or 
stream velocity being exactly balanced by changes 
in frequency f. 
Thus 
	
(11 Ci d )  = 0 
Hence 	 r f const. = 	2s 	dif varying 
Now 	n d = p citY.f(h - f )3 	for 2-<< 1 (n2>>1) 
Therefore - 	di varying = 
ix.p (a du f(h " 	• (h 	_ 2f 	d : ) 
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f(h 	f) 
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Hence 	(ir-(31 	- 	g 
	
5's14c .e. vt.td, 
Since As  As must be small (at least < ) throughout 
the interaction distance s, thens is given by: 
5 IS -ar .4 4 )4 
	
> As = 	. j) (n- Pcil) dscts = Er 	 (L) r ols 
0 0 0 
where X is the wave length. 
vs,c1. 	C 
This shows that amplification will not 
be appreciable at the frequency given by the plus 
sign (e) in (6.1) for two reasons. Firstly because 
is usually large (Figure 39) and secondly because 
(h - f) is generally quite small. At the points 
where the two curves join (Figure 390 h 2f is 
0(g zero but also 4-5 is infinite. Consequently the 
high frequency branch will not be considered further. 
Thus considering only the low frequency 
branch, we differentiate (6.1) with respect to t: 
r= 	° 1 — 	1 -a cos 7 dt (1- lsin2  y 0) Mil (6.1) 
B 
- 	cos 6 -t (-sin t)(1 - 1 sin2 p o ) 
+ a cos7 (- :41 . sine ki) 0 ) 
4- 
M. (.4; 	 L.6, 
Ios 
= 	. 	- 	a 0o57 t 	tan-L-1- 
oit 	4 	. 
sin2 9 0 CFI °0-1-1-7 -qtan ) 
Now 2-- .ch 	- 	6 + 	fqiit n okt oa- 
,scos".1 
colq 	e-D 	4 1( 11 [7 	ctf- Thus 
Making the) substitution: 
abil _ 7q (r9  51,1N:  
...17 sin1,40 
= Q 
	
( 6•4-) 
This expression is shown in Figure 40 as Q - v - 
for several values of y o and a. Note that for 
o small and a 0.6 the function Q is close to 
zero for a large range of 
From the line of force equations for a dipole field 
ds = Ro 	co. 	 (6.5) 
The resulting expression containing s can be simplified 
by noting that ofrcost^4 for -I.< 60° and in the region 
of interest (high amplification) the term 
k 
tat c.esil (1 - siki gro) - 	
fah I 
I 4 ° 
11- 
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Fig. 40. Fractional rate of change of amplified frequency (Q) as a function of the 
latitude angle coordinate (/). Amplification will be large when Q stays 
close to zero for an appreciable range of (/), as in the case a 0.6. 
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Fig. 4.. Calculation of s/X. Equation 6 is plotted 
for three values of a near 0.6 for qio = 0, and for 
a << 1 for 1,Go = 200. 
a 	1 	3 
FREQUENCY (kc/s) 
1t'ig.42. Interaction parameter s/X for stream 
particles of small pitch guided along the field line 
terminating at geomagnetic latitude 60°. At other 
latitudes frequencies will scale so that maximum 
s/X occurs at the frequency given by the dashed 
curve. 
LS 
Ito 
is also dlose to unity. 	Thus from (6.3), (6.4), 
and (6.5) we have 
9d cU dt 
■•••■■• 
We assume that, as in the TWT process, 
the amplification (in db. or nepers) is proportional 
to the interaction distance measured in wavelengths, 
In those cases for which s is sufficiently 
small, The integration range 4 — t i is also small 
so that over this range the integral q in (6.6) 
will be approximately constant. Thus 
ez,s 
Q 	— 
X = in the limiting case As = T.) ,R. 
?et c 
Then, since >\ = (*) 	c 	$ cos t 	 (6 .7) 
However in the more interesting cases 
where s is large (6.6) must be integrated. Ourves 
giving 2 As/R0 as a function of tare shown in Fig. 
41 for some of the cases which give relatively large 
values of s. For a given curve the value EV). is 
found by selecting a range of 4, which has a range of 
2 A S/R0 equal to VRo . This range of t is then 
s/Ro as shown in Figure 41. Itis seen that for 
very small pitch angles the highest values of s" 
are found for a-0.6. For larger pitch angles these 
are found at lower values of a. No particles of 
pitch angles Yo much greater than 200 have large 
s" values. 
The parameter sA as a function of 
frequency for particles of very small pitch angles 
travelling along the line of force terminating at 
geomagnetic latitude 600  is shown in Figure 42. 
Particles of greater pitch angle will have a s" 
curve showing a smaller and broader maximum occuring 
at lower frequencies. For other lines of force 
the essential change in the s" curve is the fre-
quency scale, the maximum occuring (from(6.2)) at: 
1.11 i a ho 	0.15, ho 
This relation is also shown in Figute 42. 
The theory derived so far shows that 
provided a particle stral is confined to a narrow 
tube of force and provided this stream is "weak" 
so that very high amplification is"required, a nar-
row band of noise(Phiss") can be produced even though 
the stream contains a wide spectrum of particle 
velocities and pitch angles. This occurs because 
only a very narrow range of particles velocities 
, and pitches can give the necessary amplification. 
Thus we have explained the observed occurrence 
of narrow band, "quiet", isolated bursts. The 
theory further predicts that the frequency at which 
these bursts occur is a function of the terminating 
latitude of the line of force. There is not 
sufficient experimental evidence as yet to prove 
this one way or the other, though those observations 
discussed in Section 2.4 seem to indicate that 
lower frequencies occur at higher latitudes as 
predicted. 
6.4. Energy Loss: 	On the other hand, if the 
stream is "strong" so that a high rate of ampli-
fication occurs, considerable energy will be trans-
ferred from the stream particles to the wave within 
distances appreciably less than the "no—loss" in-
teraction distances calculated above. The stream 
particles will thus be slowed down by the wave 
and synchronism will be lost after some distance 
which is the effective interaction distance. 
All Eno—loss" interaction distances greater than 
this will be limited by this effective value so 
that a wide band of frequencies will be amplified 
by roughly the same amount. 
liz 
This process is closely analogous to 
a sensitive narrow band amplifier having a fre-
quency response as in Figure 42. For a very low 
level input of very wide band noise a narrow band 
output is obtained. However, for progressively 
higher levels of noise the amplifier reaches the 
overload condition. From that point on, higher 
levels of input noise cannot produce a higher 
output level but only a wider band of output noise. 
We consider this process in more detail. 
We assume that the amplification (in 
nepers) is proportional to s/X . Thus the ampli-
fied power is 
WI = b exp ( c'? 	) (6.8) 
where b. and P( are constants. The constant "b" 
V is thus the power before amlification or at least 
that initially produced for s very small. We 
will not consider its precise physical significance. 
If we put b in the form of intensity ( wm-2 (c/s)-1 ) 
then W will also be in this form. The constant 
controlling the amplification rate is probably 
strongly dependent on the stability or density 
fluctuation of the particle stream. 
The kinetic power of the particle 
stream K can be expressed as 
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where k is constant during the amplification pro-
cess. The power gained by the wave is equal to 
the power lost by the stream. 
AK = AW 
We assume that AKA is small, though LW/b 
may be very large. 
Thus 
2K . 	= b{exp (cx 5-, ) —1] (6.9) 
The velocity.d.c is the velocity of the wave 
- relative to the stream. After the stream has 
travelled a distance s this finite relAtive velocity 
will have caused the stream to lag behind the 
wave by distance As. We again use the criterion 
that when As = %V2, amplification ceases. 
s 
Now 	A s = /1(3c oTs • ok 
Substituting from (6.9) and assuming 
That the change in K is small over the integration 
K 	( As  
We are interested in cases where the amplification 
is appreciable, so that 
5 exp ( 	) 	 >> 
6 X 5 Thus 	A s 	oc---K • E exp (.< 	) 
Using the criterion for maximum As we find the 
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maximum power attainable is thus 
Win = 	K (6.10) 
Thus amplification continues until the wave power 
reaches some fraction 0( of the stream power. 
Amplification then ceases at this frequency because 
the particles are no longer synchronised with the 
wave. 
The kinetic power K used above refers 
only to those particles capable of producing some 
amplification. We seek it in the form of intensity: 
watts per square meter per unit frequency interval 
of the amplified band. From (6.2), neglecting 
terms usualy close to unity 
2 2 
Nose whistler data43 show that p2 /h is effectively o o 
constant in the exosphere and is approximately 1 mc/s t 
For electrons 2 (3 denotes an energy E = 250(3 2 k.e.v. 
so that 
r e, 4E x 103 cis 	 (6.11) 
licIlwain4 9 has measured the flux and 
energy spectrum of an electron stream which was 
observed to produce a quiescent auroral glow. 
We will assume this to be typical of streams pro-
ducing our process. 	He found that the particil -,- 
flux could be expressed as (E in k.e.v. 
J (:>E) = 1.5 x:1010 exp(-E/5) sec-lcm-2 
(6.12) 
The energy flux in watts per square meter per 
unit energy interval (k.e.v.) is then 
dT Ea? = 4.8 x:163 E exp(-E/5) 
From (6.11) 
clE aT. = 2.5 x 10-4 k.e.v. per (c/a) 
So from this and (6.11) we find K for electrons 
(o.5 k.e.v.)* producing amplification around 2 kc/s: 
K = 6 x 10 	cis )-1 
It should be noted that all the particles 
of such a stream must have had the small initial 
pitch angles (LP0 ) required for appreciable 
amplification, otherwise they would not have been 
able to get to within a few hundred kilometers 
of the earth where the above measurements49 were 
made. We have expressed K as an intensity also. 
This introduces an apparent difficulty because 
all such intensities will increase towards the 
earth. This occurs because both the stream and 
the amplified wave are confined to a tapering 
* this involves considerable extrapolation as 
McIlwain's expression (6.12) was only observed 
to apply for the range 3 to 30 k.e.v. 
(11 
1 
	 magnetic tube of force. We avoid this difficulty 
by referring all intensities to the values they 
would have near the earth's surface. 
An estimate of the initial intensity 
b is required. As Will be pointed out later a 
rough order of magnitude estimate will suffice. 
Suppose, then, that this is produced by the - 
Cerenkov process. 	The specific power per electron 
(Marshal147 ) is given by 
w = (3cf x 10-45 W(c/s)-1 
For frequencies around 2 kc/s and ' 
electrons which produce amplification at these 
frequencies (o.5 k.e.v.), w = 3 x 10-33 . 	We 
suppose that the stream density is uniform init-
ially so that radiation from a large number of 
electrons will add incoherently. We require b 
in the form of intensity referred to the earth's 
surface so we take a tube of force having a cross— 
section area of one square meter at the earth's 
surface. 	Prom (6.12) the stream density near the 
earth's surface for 0.5 k.e.v. electrons is about 
10 cm-3 . Throughout the length of the tube the 
linear density is thus approximately 107 electrons 
per meter. If 2 kcis Oerenkov radiation can be 
produced over a distance of around 10,000 km, the 
total number of electrons involved is 10 14 . Thus 
3 b 	3 x 1O  
We consider various streams all des-
cribed by (6.12) but having different values of 
the parameter cC • 	We assume that this is possible, 
that is, that 04 is influenced by some factors not 
described by (6.12). 	We will not consider its 
precise physical significanee though it is reason-
able to suppose that streams occurring during 
disturbed conditions might have larger density 
fluctuations or less stability leading to higher 
values of 	In which case o! would be a disturbance 
index. 
If we assume a value for drZ. 1 we find 
for V.\ (given in Figure 42) greater than a 
critical value, the noise intensity is the over-
load" value given by (6.10). For s/X less than 
critical the intensity is given by (6.8). 	Thus 
we have a plateau region of maximum intensity 
with quite steep (exponential) sides. 	At the 
critical value both (6.8) and (6.10) apply so that 
Kt< () 	o+log ( 	) crit. 	e b 	(6.13) 
The two frequencies defining the plateau region are 
those for which s/X is critical. These frequencies 
can be read off the curve in Figure 42. 
The interesting characteristics of 
noise are the peak intensity and the frequency 
range. The important parameter is 04. The 
peak intensity is independent of b y Though this enters 
Into calculation of critical e/X and thus frequency 
range. However for strong amplification, say 
aqR--20, an error of even three orders of magnitude 
in estimation of b will change critical s/X by 
only 35 per cent. In Table 2 estimates of these 
Table 2 Peak intensity (at 2 kc/s for wide band 
hiss), frequency range and bandwidth of hiss pro-
duced.by electron streams of flux J(% ,-E) = 1.5 x:1010 
exp(—E/5) electrons sec-1 cm72  (Em k.e.v.), and 
of various 0C. 
Disturb. Index. 1 (Q( Iv 10') 
Peak Intensity (41.1Wx(e) 
Crit.51X ( 	. 10-3) x 
Frequency Ran?* (kc s) 
Bandwidth (kc/s) 
1 6i 21 2.6 0.15 
2 12 11 2,6 0.20 
5 30 4.6 1.1 — 3.4 2.3 
10 60 2.4 0.3 — 4.3 4.0 
20 120 1.2 0.1 — 542 541 
50 300 0.5) 0.1 — 7.0 6.9 
100 600 0626 0.1 —(100) 100 
* The first two entries are centre frequencies. 
characteristics are given for several values ofoC. 
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These have been chosen to show the bandwidth charact-
eristics. The values of peak intensity then 
follow from (6.10). 
4.5" Disctssion. The noise characteristics as derived 
from this theory and listed in Table 2 agree well 
with those observed. A large range or bandwidths 
is possible. It is seen that there is a range of 
0C 9 probably corresponding to diet magnetic cond-
itions, which produces narrow band bursts. This is 
followed by a transition region for which the band-
width increases rapidly and then tapers off. This 
is typical of the observed behaviour during magnetic 
storms28  . Finally for large eC (severe magnetic 
disturbances) very wide band bursts are predicted 
as observed28 (Chapter 3). 	Short streams some 1000 
km long in the direction of the field, having high 
values of GC and a narrow spectrum of velocities, 
would amplify the frequencies along one of the 
curves in Figure 39 in sequence. These might 
produce the "quasi constant tones" and perhaps the 
TNYT "hooks" as proposed by Gallet and Helliwel1 52 . 
However the latter ("hooks) would occur in regions of 
rapid frequency change and so require very short 
streams Mid very high eC values for appreciable 
amplification. 
The predicted peak intensities in Tali-a 
I Z o 
( 21 
are somewhat greater than those deduced from observ-
pr 	
ations (around 10-1°Wm-2 (c/s)-1 ) after correction 
for propagation losses in the ionosphere and 
earth-ionosphere wave_guide (Chapter 34. H owever 
. the errors involved in the propagation loss correct-
ion could easily account for this discrepancy, so 
that quantitative agreement is probably quite 
good. 
Narrow band noise at a given latitude 
at frequencies other than those given in Figure 42 
(dashed curve) can be produced by narrow energy 
(velocity) or pitch distributions of electrons in 
the stream. McIlwain49 found that a stream which 
produced a strong visible aurora consisted of 
practically monoenergetic electrons. In this way 
more than one narrow band can be produced as is 
sometimes observed (Figure 8). Multiple narrow 
bands can also be produced if several streams 
occur in slightly different latitudes simultaneously. 
Thus, as seen from Figure 42 (dashed curve), centre 
frequencies differing by a factor of two can be 
produced by streams less than 5 0  of latitude (--, 500km) 
apart. In the same way the finite width of streams 
would set a limit to the narrowness of the amplified 
band. However, satellite measurements 41 at a 
'height of a few hundred kilometres show that some 
streams are as narrow as 25 km (traversed by the 
satellite in 3 seconds). 
It may appear ta the reader that this 
theory rests on the assumption that detailed ex-
pressions can be extracted from a theoretical 
model which might not be truly representative of 
the peal exosphere. However, provided, the electron 
density along the field line varies smoothly in a 
manner not greatly different from the model used, 
the essential qualitative results of this theory 
should still hold. Similarly the qualitative 
results may not be greatly affected should sub-
sequent study of the exospheric TWT mechanism 
require some modification to the amplification 
condition n(3 d = 1. 
A very different theory, based on the 
process to be discussed in the next chapter, is 
presented in Chapter 10. This new theory also 
explaines all the features discussed in this section. 
However new experiments (proposed in Chapter 10) 
are needed to find out whether this new process or 
the one (TWT) presented above (or both) actually 
produces the hiss we obsieve. 
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7. DOPPLER SHIFTED CYCLOTRON RADIATION FROM ELECTRONS $  
A THEORY OF DISCREPle V.L.F. EMISSIONS FROM THE 
EXOSPHERE. 
7.1 Introduction. As mentioned in Chapter 4, electrons which spiral 
atm from the observer will produce a downward doppler shift of the•
electron gyro frequency. Further, since electrons are much better 
radiators than protons, the intensity of the radiation Should be 
easily observable without presupposing enormous numbers of particles 
radiating coherently, as is required for protons. 
7.2 Theory.. Suppose an electron (or rather a small bunch of electrons) 
is travelling in a helix about a line of force of the earth's 
magnetic field. Suppose it is travelling away from the observer's 
hemisphere with velocity component along the line of force of ez,. 
Thus the rotating electron (or bunch) is an oscillator of frequency 
h moving away from the observer at velocity (3e in a medium for 
which the observed frequency f travels at velocity o/n. 
Thus 
where 
n 2e. 	01 	n =.> 1 1-13:71-7 
Then, using the "scale frequeney" a defined in seotion 5.5, we 
have $ 2 
(h f)3 	a 	f h (7.1) 
* This chapter is only concerned with the discrete emissions, but it 
will be Shown later (Chapter 10) that this process can also explain 
the detailed features of -Chorus and hiss. 
12.3 
This is difficult to evaluate algebraically except for f < h 
when 
(7 .2) 
However 5.1 can be put in the form 
a (1 -6' f/03 •R, 	a I'd 	(7•3) f/h 
A plot of a (L42th versus fith enables f to be found, given (3 d2  
and. b. This shown in Figure 43. The approximation (7.2) is seen 
to be valid only for a 2,th > 20. 
Values of f have been f6d from Figure 43 for 
electrons of energies 5, 10 1 25 and 50 k.e.V. travelling along the 
line of force terminating at geomagnetic latitude Gd a . The position 
of a point on this field line is determined by the latitude angle t 
The emitted frequency as a function of latitude angle is shown in 
Figure 44. The helical pitch ( ri s ) of all these electrons is 20a 
in the equatorial plane, so that mirror points occur in each 
hemisphere at t 	419 . The parameter 	is oalculated for 
invariance of magnetio moment (as in Chapter 5) 
2a2 	2i , 
T oi 
Suppose these eleotrons make one trip from the 
mirror point in the observer's hemisphere to the mirror point in 
the opposite hemisphere. We require to find how frequency would 
Vary with time as observed on the earth's surface at the base of 
this line of force. Such frequency-time curves can be found by 
gumming the time delay due to the finite velocity of the electron 
.(tel) and that due to the finite group velocity of the wave (tig):0 
I 
2 3 SEC 
he 
16 
he 
16 
50 key 10 key 
h.  	- 
8 
SEC 	0 1 SEC 
(C) (a)  
h. 
8 
0
1  
(b)  
0 
Fig. 45. Frequency time (dispersion) curves for the electrons considered in Fig. 44. 
These should be compared with the observed spectrograms in Fig. 6. 
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Fig.43. Graph of equation 3 for finding 
frequency. 
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Fig.4 4. Frequency emitted by an electron of 
the energies shown as a function of position (lati-
tude angle). All four electrons have mirror points 
' at 41°. 
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The two parts of the first (tg) integral correspond 
to exospherio and ionospheric delays respectively. Smit0 3 gives a 
value of 5 see' for the ionospheric "dispersion" D, calculated for a 
simple one layer parabolic model of the ionosphere. For a 10 constant 
as used here, the exospheric integral becomes43 an elliptic function. 
43 However Smith found that the calculated frequency...time shape of a 
nose whistler is almost independent of the exospherio model used. 
Consequently we will use the quasi-constant electron demikty model, 
also given by Smit03, which gives an algebraio solution. If the 
integration is taken from the level h = ho (equatorial plane) to 
h hl the exospheric delay is then . 
3.02 dA t (ex.) • (1-f/h) 	(7 ■4 x- 
0 
in seconds where a is in ?Lois and fp h in lochs. 
The second integral (to) cannot be solved directly. 
However, except near the mirror points, the integrand is slowly 
varying. In this region a graphical method (planimeter) is adequate. 
As the mirror points are approached the integrand goes to infinity. 
In thin region an approximation :4 can be used * 
to ur 
Ho  ji. 4 008 .1_ 	4 P m • cou- p" 6 3 artir 
where t m is the latitude angle of the mirror points and to is the 
time taken for the electron to travel' from tto t m. 
In eadh ease integration is carried out over the 
appropriate paths. The resulting frequenor-time curves are Shown in 
Figure 45. The time t ss0 is defined atthat instant the electron 
passes through the equatorial plane towards the observer's hemisphere. 
It could thus be the time of injection into the line of force. Note 
thatforthe 5,kee.v. : electron.the time scale starts one second after 
this. 
7.3 Spectra. , The frequency-time curves in Figure 45 dhow good 
agreement with the observed hooks in Figure 6. If the electron bunch 
only makes half of the mirror to mirror trip ) which might happen if 
the source of the bunch (probably neat the equatorial plane) is also 
a sink) then only half of the full hooks Will be observed. If this 
half trip was confined to the obeerver's hemisphere only the failing 
part ("falling tone") would be observed. This might be mistaken for 
a whistler in some circumstances. Trips confined to the opposite 
hemisphere would give rise to the other half: "riders" (f and g in 
Figure 6) and."pseudo noses". 
On the other hand) at times) several complete tripe 
might take place before the bunch is lost. This would. give rise to 
a series of hooks or similar shape separated in time 1 the period 
of oscillation of the bunch between mirrors. For the faster 
particles in Figure 45 this is indicated by the curved dashed lines. 
The osoilIstion periods are given in Table 3. An observer in the 
opposite hemisphere near the conjugate point would observe the same 
Table 3. 
Mirror oscillation periods of the electrons considered in Figure 44. 
aiergy (k.e.v.) Period (sec.) 
5 2.56 
10 1.82 
25 1.28 
50 0.81 
Series of hooks, but since radiation is observed only when the bunch 
is travelling away from this observer he will observe this series 
shifted in time by half a period. Thud a northward going bunch sends 
a hook to the southern observer then when returning on its southward 
trip sends a hook to the northern observer. This conjugate point 
test of the theory was suggested to the writer by Professor G.R.A. 
Ellis. 
The cases described above are illustrated in Figure 
46. A bunch will tend to be scattered by turbulent magnetic fields 
in the source region (probably near the equatorial plane) and be 
absorbed by collisions near the mirror points. Thus we Would expect 
the relative frequency of occurrence of the various types of 
emission to decrease with the number of mirrors and source region 
transits required for each type. Thus "risers" which are required 
to survive no such hazards Should be the most common. In Table 4 
the number of hazards for each type (as listed in Figure 46) is 
Compared with the observed relative frequency of occurrence (from 
! Z 9  
Slow 	Fast 
(A) 
(B) Slow 	 Fast 
Slow 
	
Fast 
(C) 
(D) South 
I acI 
Fig. 46. Types of discrete emission which can be produced by this 
process. (A) Bunch injected at midpoint (equatorial plane), mirrored 
in observer's hemisphere and scattered at midpoint ("falling tone" or 
"pseudo whistlers"). (B) Bunch injected at midpoint and either 
absorbed near the mirror in the opposite hemisphere or mirrored, and 
scattered at the midpoint ("riser" for slow bunch, "pseudo nose" for 
fast). (C) Bunch injected at midpoint, mirrored in observer's hemi-
sphere, survived one transit through midpoint to pass into opposite 
hemisphere ("hook"). (D) Medium speed bunch injected at midpoint, 
mirrored in southern hemisphere, then northern, southern, northern and 
finally scattered at the midpoint. In the northern hemisphere a "riser" 
a "hook" and a "falling tone" are observed; in the southern, two 
"hooks". Synchronised spectrograms from conjugate points would 
look like this. 
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bunching effects, detailed estimates of intensity are pointless . 
However, without independent knowledge of such  
hand if small bunches of electrons radiated coherently the radiated  
type of theory is that quantitative estimates of intensity can be 
x0140 GRI. u0 
If we assume that each electron radiates independently ( i .e . 
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Suffice to say that on the simple theory of cyclotron radiation from 
charged particles in a vaccuom the radiated power is inversely pro-
portional to the square of the particle mass. Thus radiation from 
electrons would be some three million times that from protons, other 
factors being the same. 
7.5 Conclusions. The qualitative frequency-time form of many axes-
pherie discrete emissions is explained by this theory. Further it 
does not require ionospheric effects to explain part of this form as 
does the TWT type meohanism. In addition to explaining characteris-
tics already observed it predicts further points which would provide 
a test for the theory. Since radiation is only produced from 
electrons travellingmaxtrom the observer local precipitation 
. effects (aurora* absorption' X rays) will tend to occur in the hemi-
sphere opposite to that from which the radiation is observed. Obser-
vation of more than one similar hook produced by bunches Making mere 
than one trip would abew firstly that the hooks were generated in a 
region where mirroring is possible (exosphere) and secondly give an 
independent measure of particle velocity to check the theory. Simu-
ltaneous observations at both ends of a line of force (conjugate 
point experiment) would be useful for checking this. 
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8. TESTS OF THE OICLOTRON THEORY. 
8.1 Spectrogram matching. It was shown in Chapter 7 that the 
doipler shifted cyclotron radiation from receding electrons would 
give the observed freqatnor-time shapes of discrete 11.L.F. emissions. 
A more exacting test of this theory would be to take a'well'defined 
and complicated hook as obserWed on a frequency-time spectrogram 
and attempt to match it in shape and scale with one calculated 
acCording'to.the theory.' Such a hook is shown in Figure 47. This 
was observeP at Seattle on September 23, 1957. It also appears in 
Figure 6(A). 
It will be shown in the next chapter that four 
parameters (two frequencies and two times) scaled from the observed 
hook is suffioient to allow calculation of electron energy (1), 
initial helical pitch angle ( Ye), geomagnetic field line ef 
occurrence (X) and scale frequency (a). Thus for the hook in 
Figure 47 the looation of three points in the frequency-time plans 
unambiguously requires E = 150 k.e.v.. Y o a 68.6% Xmo 61.4! and 
a = 527 'Ws. To test the theory. 25 points were calculated from 
first principles (Chapter 7) using this information and seaming a 
dipole magnetic field and an exosphere of constant (along a field 
line) scale frequency, The curve though these points is shown 
vertically above the observed hook in Figure 47. Comparison dhows 
excellent agremment. 
8.2 Symmetry of Eassion. One of the features of the theory is 
that the sequence of emitted frequencies is spatically symmetric 
132. 
fr 
I 33 
Kc 
8 
• 	Fig. 47 Ho .ok recorded at Seattle on 23rd Sept. 1957 at 2035 :28 U.T. (after Helliwell 
and Carpenter 9). Above this is the hook calculated from the theory for F -- 
150 k.e.v., co  =68.6° , A = 61.4 ° and a =527 kc/s. Superimposed 
the observed hook is drawn a computed nose whistler originating from a hypo-
thetical impulse at the equatorial plane at the instant shown by the acre), 
Note that this computed curve is in the centre of the hook at all frequencies. 
SE 1 OCT 61 	1250 UT 
Kc 
	 A, 	 B, 	A, 	C, 	 B, 	A, 	C, 
" 	1 	4" ft. I 	 • . 	 . 
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Fig. 48 "Hooks, (A 1 , A 2 A 3 ) and whistlers (B 1 , B 2 and C 1 , C 2 ) echoing in the 
whistler mode over the same path". (Figure with caption after Brice 92). 
The notation used here is Brice's, not that used in Chapter 9. 
about the equatorial plane (wevided that this is a symmetry' plane 
for the magnetic field and electron density distribution). Thus the 
frequency emitted at the point (•X 	ia the same as that at 
the point ( >c 	t). This was illustrated in figure 44. As 
will be shown in the nett chapter (equation 94), one consequence 
of this symmetry feature is that the observed frequency-time 
distribution of a hook should be eymmetricany spaced (in time) 
about a Wt.-dispersed nose whistler. In other words, at any 
frequency the mid-point in time between the two branches of a hook 
should lie on a curve corresponding to the whistler mode dispersion 
of a hypothetical wide band impulse originating at the top of the 
field line at the instant of generation of the lowest frequency. 
This is also the instant at which the emitting electron bunch 
passes through this point. 
Consider the hook Shown in Figure 47. Super-imposed 
on this is drawn the nose whistler originating from a hypothetical 
impulse at the top of the field line at the instant shown by the 
arrow. The frequency-time shape of this nose whistler was calculated 
from t function given by Smith and Carpenter," which, tMqrhamt 
shown, accurately represents this shape. the frequenoy-time scale 
adopted correopmrds to a nose frequency (t; 1) of 4.60 kois (latitude 
of end point 61.4!) and a short whistler delay time (t n) at this 
frequency of 1.64 seconds. This( n, tn) is typical of moderately 
disturbed. conditions (Carpenter") when generation of hooks is likely. 
Careful measurement of Age 47 dhows that this curve is accurately 
in the centre of the book at all frequencies as predicted. 
tt- 
0 
A different test of the symmetry feature was proposed by 
92' Brice . He considered whistler mode reflections of hooks measured 
at the minimum frequency fo and some other frequency f1 . By denoting 
the propagation times for these two frequencies from the top of the 
path (equatorial plane) to the observer by T o and 1: i respectively, 
Brice showed (usOrgBrioe'e notation) t. 
T t a 2 ( T o 	`(- 1) • 1 T • o 	• 	: t where 2le and Te are the times between the observation of the first 
appearance of fi and fo end of c and the seeend appearance of f l 
respectively. These times refer to the "sore order" ornonpirefleoted 
hook. The times T- 	are the corresponding times for the i 
"first order" or once reflected hook. These definitions are 
illustrated in Figure 48. He generalised (80) for WA ins hop echo s 
T - Ta n (To - 	) 	Tie
t T
A
t 
•o 
From this he derived his testing Parameters $ 
(8 .2) 
n (To To t) 
T T n 
	
(T 	T t ) 
1 	t T o 
(8.3) 
If the hook and echoes are observed at only one station, an ambiguity 
atisto (as Brie() pointed. out) because one would not know° whether the 
first heek observed was the zero order or non-reflected hook or the 
first order or once refloated hook. In the latter case the non-
reflected hook would only be observable at the conjugate point. In 
which case the testing parameter becomes $ 
* As explained in the next chapter (Section 9.5) this ambiguity can be 
removed if the true nose frequeney is measurable not the ease in 
Figure 48. 
Tn T• 	TO TR see. 
.05 
-.14 3.8 3.6 
-.31 3.8 3.8 
.01 
•,.03 2.2 2.2 
.02 
-47 4.7 347 
2.02 
-.03 	3.0 	3.0 
ko/e kola see. 
6.5 5.1 0 
2 
4 
.39 
.57 
.75 
4.5 3.8 0 .16 
.22 
5.0 3.8 
i 
.35 
4 . 4 3.8 
1 
.47 
.22 
1 3(.. 
    
i 	(8.4) 
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Brice coneidered the series of hooks Shown in Figure 48 
as well eis three other series observed eimultaneously at con4ugate . 
stations (spectrograms of these were not given). He used the inter- 
pretation appropriate to (8.3) Or all, these because the conjugate ones 
indicated this. His tabulated regulte 2 are reproduced in Table 5. 
TABLE 5. 
f1 T 	n(? .T ' ) n(To  T oo o 
     
As can be seen in Table 5 Brice's testing parameter is of 
the order of three and quite significantl.y not unibl. thioe92 concluded 
137 
that the theory therefore cannot explain these hooks. 
row, using Bricele notation ., it can ealti4 be shown from 
(8.2) that for symmetrioal generation the theory predictss 
- 	 (2a + '1) (T0 T .0 1 ) 	(8.5) 
If these difference times are Calculated from his Table 5 it will be 
seen that they are clearly not in the predicted ratio 1 i 5 $ 9 fOr 
the first sequence and 1 1 3 for the other three. 
On the other hand it is rather striking that these ratios 
are none the less in a logical order. They are quite close to 3 $ 7 
s 11 for the first sequence and 3 s 5 for the other three, This 
suggests that in each sequence the first trace observed, by Brice was 
net the Sere order or non—reflected, hook but the first order or once 
reflected hook. in which case each of Brice's tabulated values Of n 
w 
	
	should. be increased by One.- BOW We can resolve this by measuring the 
times between any two traces in a Sequence at ft and fo . These are 
the propagation times for the appropriate number of complete 
hemisphere to hemisphere hops. Thus using the first and third Of the 
traces in Fig. 40 we find 8 (L-e, . 4.19 sec,. and 8 	. 3.72 see. 
Thus from (8.1), 	Tol . 1 ,  2( re 	V .0.095 sec. This is 
approximately one third of the value tabulated, by him. Consequently 
for the first sequence at least we have clearly demonstrated that the 
first trace observed is the first order or once reflected hook. Thus 
for this sequence Brice's tabulated values of. 4 should be increa3ed 
by one and hie testing parameters should., be calculated from equation 
(8 - 4). This'll them in . Table 6. 
.05 
14 
.4,31 
.34 
.71 
1.06 11 ' 
1.3 
1.3 
1.2 
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1. 	.39 
3 	47 
5 	.75 
  
TABLE•6. 
  
I 
! 
Tla 	2L 
sec. sec. 
Predicted 
T-1 T T n . 4 
58Q. 	ratios . 
 
..1Cfa 44 . 
3' n 1 
 
  
0' (net . observed) .095 
O net observed) 
■03 	.13: 	3 
2 	.22 	.25 
O (not observed) * 
1 	.35 .02 	.33 	3 
2 	42 -..07 	.49 	5 	1.6 	1.2 
O (not observed) 
i 	AT .02 	.15 	3 
2 	622 . 4r103 1.0 	1.0 
* these missing values could be obtained from the original spectre... 
graMg .. 
Without having recourse to the original spectrograms for 
the other three sequences we cannot here mike similar statements 
about these other three. Race's statemeni92 that "this ambiguity is 
removed if the hook and echo are observed aT conjuglEvues 
not strictly true. Although the zero order signals must have been 
reflected somewhere near one of the conjugate stations they could have 
been missing from the spectrograms or at least not recognised as sudh 
for a variety of reasons. 
However we can (iv that Brice's first sequence unambig-
uously demonstrates the symmetry aspect of the theory in both the 
predictions that the T - T ratios should be close to I e 3 e 7 • 11 n n 
(from egg. 8.5) and that his testing parameter should be close to 
unity. The other three sequences fit the theory if the same inter-
pretation of n applies to these also (Table 6.) Furthermore this can 
easily be ohedked from the spectrograms as Shown above for the first 
sequence. It should be noted that the remaining discrepancies in 
Ta T ' 	his testing parameter values are easily accounted for by 
errors in scaling the times Tin and 	of about.01 to .02 sec. This 
is quite reasonable since the widths of the traces are some .05 to 
.1 sec. as seen in Fig. 48. 
8.3 Be-generated Hooks. It was predicted in Section 7.3 that a 
bunch of electrons which makes several complete hemisphere to 
hemisphere trips between magnetic mirror points will generate a new 
hook on each trip. This would give rise to a series of similar hooks 
separated by the bounce period of the electrons. It is readily 
distinguished from whistler mods echoes of a single hook since 
successive hooks are not progressively more dispersed according to 
their order in the sequence. Since the observable radiation is un- 
idirectional the hooks are received in opposite hemispheres alternately, 
1S9 
that is the sequence observed in one hemisphere is displaced half a 
bounce period from that observed in the other. This effect distin-
guishes the predicted emission from some other effect suah as periodic 
injeotion of electrons. 
Observation of this /mediated emission showing a bounce 
period consistent with B, y o , and X scaled from the shape would be 
a crucial test of the theory both qualitatively and quantitatively. 
A sequence Whioh was probably of this type is shown in 
Figure 49 (with original caption7 7). The two spectrograms were 
observed at approximately conjugate stations and the times were 
accurately synchronised. This was interpreted 77  as a sequence of six 
noise bursts in the 5-6 ka/sfrequency region observed at both Knob 
Lake, Canada (68°N, geomagnetic) and at Byrd Station, Antarotioa 
geomagnetio), the sequence beginning at Knob Lake 0.8 + 0.1 
sec. before it began at Byrd. 
However, close inspection of Fig. 49 indicates that in 
each case the sequence is not six separate bursts but a pair of 
bursts seen three times. In support of this it will be noticed that 
the shapes and separation of the two bursts in each pair are similar 
and in each ease the first burst occurs at a slightly higher freotenoy 
than the second. -Furthermore the time separation between oucoessive 
pairs ,(using the time scale provided) is 1.6 + 0.1 sec. Which is just 
twice the delay between Knob Lake and Byrd. Thus at intervals of 0.8 
sec. this pair of burstwappeared alternately at Knob Lake and Byrd. 
Since only a narrow frequency band was observed the 
progressive dispersion criterion cannot be applied. However, as 
I (+0 
74; 
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pointed out in this paper77  whistler observations in these latitudes 
show 5 ko/s propagation times between 1.5 and 2.5 sec. for a,single, 
hemisphere to hemisphere trip, i.e. two or three times the observed 
reourrence period. On the other hand the complete oscillation period 
of 1.6 sec. would correspond to 60 k.e.v. electrons (for '4' .11 200 ) 
if the guiding field line was that connecting the two observing 
stations or 15 k.e.v. (see Table 4) if the guiding field line was 
typical of those ( ^' 40P) producing nose whistlers observed at 
Byrd°. These electron energies are of the order of those used in 
Chapter 7 and those measured in the next chapter (Table 8). 
L93 The above was published in a letter to Nature". In reply 93 
 agreed with the interpretation that the phenomenon was a 
pair of bursts seen three times but pointed out that occasionally 
whistler delay times can be sufficiently small during severe magnetic 
storms so that in this ease the echo possibility cannot be ruled out. 
In any case this is not the crucial test we would like as the full 
shape of a hook does not appear so that independent (of the bounce 
period) estimates of El, 4/ 0 and X cannot be made. 
Later a much better example (four trains of re—generated 
hooks) ras noticed in a sequence of spectrograms published by 
Gallet6 . This is shown in Figure 50. In each of these there is a 
striking laok of progressisv dispersion despite the considerable 
frequency extent of the hooks and the relatively large number of 
- separate hooks (six, in one sequence). Gallet 6  remarked on this at 
the time. Table 7 dhows E lp ye, X deduced from the shape of one 
1 41. 
of 
59° 1.2 1.6 
59° 1.7 1.6 
590 1.1 1.6 
590 2.4 1.6 
3. 
2 	6 
3 	2 	• 
4 	3 
14 
8 
15 
70° 
62° 
720 
af 
TABLE 7. Comparison of observed recurrence period with that calculated from E, y., >, deduced, from 
the frequencr-time shape. " 
Sequence !ember of Energy Helical Geomag. Calculated °beer,- 
NO. 	hooks in 	E. 	Pitch Latitude Period 	ved Per- each sego:- (k.e.v.) 	LTDO • 	X 	(sect.) 	ioa . enc.. (sect.) 
the hooks for each sequence. The expected bounce periods calculated 
from El Ye and X and the Observed periods (as measured by Genet) 
are shown. The spectrograms (Figure 50) his pUblished are rather small 
and lack contrast for accurate scaling so that the probable error in 
the calculated .periods is rather large. However the general agreement 
is quite good. 
LS Conclusions. We have seen that the electron cyclotron theory gives 
excellent agrement with the detailed frequency-time Characteristics of 
observed discrete emissions. Two quite different tests of the symmetry 
aspect of the theory give agreement limited only by scaling errors. 
Tn addition the predicted periodic emission (re-generated hooks) is 
shown to occur and with periods reasonably close to those predicted. 
Verification of the theory justifies the use of spectrogrmms of 
emissions for finding information about the electrons likieh produce 
them. A method of doing this is given in the next chapter. 
14 3 
9. METHOD OF mEASUREKENT OF ELECTRON ElIERG/ES 
AND OTHER DATA FROM SPECTROGRAMS OF V.L.F. 
EMI:Z/01M 
Intrioadadit 	The parameters which affect the frequenor- 
time shape, scale and position of the complete traverse emission 
("hook") as observed on the earth ares the energy (E) and helical 
P. 
	
	 pitch ( 	) of the emitting electrons, the terminal geomagnetic 
latitude ( X •) of the field line which guides them, the instant ' 
(i40) of their passing through the top of this field line, and the 
"scale frequency" (a) of the electron density of the medium. If 
these are suitably chosen a theoretical frequenor-time trace can be 
calculated to give an effectively exact fit to an:. observed. hook. 
This has been demonstrated with a relatively complex hook. The 
observed trace contains the effeots of these parameters so that it 
may be possible to deduce these parameters from the observed trace. 
It will be shown here that the scaling of only two 
frequencies (fn and fo ) and two times (T+ and fe) is sufficient for 
complete and unambiguous evaluation of the parameters oited above. 
9.2 Energy.. The general expression (51) fkr the sloppier shifted 
cyclotron frequency from an electron spiraling along a field line 
0 	is' 
f hE. 5 (1-.± 	n cos Cd -/ 	(9•1) • 
where h is the local g7ro frequency, 	is the relativistic 
correction (1 	2);1/2, n is the refraotive index of the medium 
at the frequency f, ( c1 is the longitudinal component of velocity in 
itiAf 
r 
V 	
K 	
0. 
h
i 
	
a
+
 H
 	
g
 
1-. 
g 
	
1 	
0 
a 
	
0 
1
 	
4
 
co 	
P.
 
O. o-1 I.. 	
ff €4. +.. a 0 	
o<
 if
o 
c+
 
la
 ..
‘ 	
a. 
lo
< 
0
 0
• 
1
 4
  
....
. tar 
0
 
I 	
e
 	
0
 
..
 
o
 
Is
 
Pa
 
)
1
 1
 c
+
 1
 
2
' 
1
 
P
 
	
P•
 	
41+
 
	
0
 	
il
l  
c
o)
 	
Hs
 
a 
4
 
1..
. 
0
 
P
 
	
lild
 	
la
 
01
 
eh
 	
0
 gPi 
ea ac't et 
	
eg
 	
CI
 	
IN
 
I I
 a
  
r
 
I 	
Pr
 
Pr
 
t
 b
il
 
40
 8 	
05
 	
t 	
03
 	
03
 	
0
 	
0
 
0 .
1 
8
 I
P
 
1 	
0,..
... 
0
. 
t  
....
. 	
1.4 
i.
. 
r 
• 
is  
I
?
 0
 •
 
e
 
	
...
.3
 	
Et
 P * 	
.....
. lio 1 
1
 
d+
 r 
1
. 
F
 
	
P9 	
t4  
a
+
 P
I 
	
tr
 
C
D
 0
 	
g
 
0
 
0
 
I-
4  
eh
 * 	
5 
o 
--
G
. 	
ct■
 , 
44
 t
h
 1
 	
co. 
2 	
t.
1 
0 	
w
•
 e
 	
,.
.,
 •
 	
Is
 	
o
 	
i-o
• 
o
 	
4+
 
ot
 	
ot
 	
41
0 
- •
 	
....
....
 	
w
 	
Z.
.. 	
a
 
0
 .
..
. 	
0
<
P
 	
0 	
0 	
:I
d
 •
, 	
0
 
. 	
C2
 	
hi
 
Cg
 	
4
. 	
0
 
0
1 	
0
 	
• 	
/*
/ 	
4
 	
.11  
44
 
13
 	
14
 I
 
	
r
 	
at
 
0 . 
c
<
 
0
 	
oc
 	
g
•
 1
 	
g
 
 
N
s 
0
1
 
q
 5, 
•A
r
 0
 
I 	
0
 
1.
4 	
1 	
eq
2. 
4
 	
0
 	
11 
R
 
H
 
r
 
2 
e  
4
 
8
 
1
 
4
  E
 
. 
to
s
 1
 
...
..•
 	
—
• 	
h-
• 	
...
.•
 	
Ilg 	
. 
it 	
F.. 
 
a-,  
w
 
11
 
0)
 
+••
 	
• 	
c+
 
a
 
i
"
--
--
--
1 
cc
 
	
14
 	
t0
 0
 
....
....
 	
g 	
e
 	
to
 
A 	
2
 4
+
 i
s
 c
o
 
2 
'P
. 
r 
.7
 
Oita
 *
0
 .4. 
4 	
a 	
• 	
ea
. 
0)
 	
g
 
:
 
l
b
 
1
 0
 	
• 	
Ia
. s
o 
to
 
ra
 
F
.
 
C
A
 
I
I 
X
 
F
t, 
 
r 4 	
a
 
---
-T
h
 -
--
- 
N
. 
0
 	
P
.1
 P
I 
N
O
 
m
 
g
 
0
 
ct
 	
C
 ?
+
 
g
 
V
 
;
 
ca
  
	
c
o
- 
o
 	
+4
 
0
 
0
 
co
 
0.
 
	
e
 
e
 	
0
 
CD
 	
ti 	
°
 	
I 	
4
 
1:0
 	
—•
•
• 	
)1
 	
0
 
0
 	
0
 	
0
 	
m
 	
...
...
 	
cs
. 	
414
 	
2 	
..
. 
0
 
a 
:4
 •
at i.• 	
14
 
	
o
 	
c
•
- 
..
..
..
 i
s 
	
p
i  
o
 	
4
 	
.1.•
 	
n3
 
2
 	
0 	
.4.
 	
a,
 	
tr
 	
0
 	
m
i 
	
0
 	
hi
e as
 
0 	
8 
1__
__--
-1 	
K1  
0
 	
K 	
K 	
1... 	
0  
...
...
  0 
	
8 	
. 
ea at 
as 
0 	
2 	
8 	
. 
0
 0
 
. 
a
 .
. 	
hi
 	
CD
 	
0 
g
 	
4
4
 	
f
0
 i
 	
O
ro
 
P 	
....
. 	
.... t-h, 
	
et
 
0
 c
o
 
■ —
•
 P
o
 o
 	
o
 
e
 	
...
..,
 	
o
 	
r 	
0 	
0 	
p
. 
0
 	
,t
, 
0
 	
CD
 
i 
1 	
cx
 
 
0
 
-
-
-
E
- 
.4
0 
fa
 	
eh
 
03
 ._
__
 
co
 
IS
 
?
la
 g
 
•
co
 	
o•
 	
01
.  
P
 
	
1
 	
+4
) 0 
	
2 	
0 
0 Os 
N
J
 0
 
	
.Ile
 	
ri•
 	
0
 
e+
 	
ft
) e. 	
03
 
P
 
4 o 
	
1 
I
 	
at
 
CD
 
6
 	
g.
 	
f?
 e
i 	
14
. 	
5. 	
g 
	
.....
, 	
o•.
, 
PA
 
CA
 	
t
i 
P
o
 	
V
) 
CD
 	
P
o 
P•
 
	
-o
w
 o
f 	
o
 
	
13
 	
e
 	
I
 
Iti
r 	
to
 	
0
 
0
 	
0
 
e
 	
e
 
0
 	
.
1
 
r
 
o
 
	
••■ 	
10
 
0
'.
..
..
 	
c+
 	
12
 	
?4
. 	
e 	
a 	
,c1 
	
)1
 	
Id
 	
I
 
CD
 	
...
...
 	
...
.. 	
4
 	
1-1
. 	
0
 	
P
 	
IC
J 	
ha
 
	
o 	
€4. 
... 	
w 	
No
 . 	
k 
,o
ft
. 
...
4 13
 	
4
.11+
 
i
 
a
 a
l 
	
Si
 
5 	
• 
ta
 .
0
 
0 	
i...11
 	
NO
 
0
 
el 
	
••
■■
 	
0
 	
CS
 	
0
 	
e
l 	
V' 	
'a
 	
,.
.
C4
. 
a 
.0
 	
01
 	
1:
r 
.P
. o
v 
g 	
4+
 	
U
r 	
P
P
 •
 .
 
rv
 	
0
 	
1 
g
 	
"
 	
g
 c
+
 
of energies for which relativistic effects are very small 
 
1 (4 
( 	 1). ?or these we can write 
Ell • 250 ('3 2 .43 25° ta 
a 'cOs2 (.1) e 
Pioi 9.4): (9.5) and (9A) we find 
'111 	(1 + E 10-3) 	1 1 
(9.,6) 
(94) 
 
From (9,6) we would generally meet high energies 'to be assodiated 
with large values of:x., In which case the term containing 's is 
close to unity and,(9.7) ia in a convenient form for applying 
relativistic corrections to a nomogram energy scale. This is shown 
in Figure $4. 
. 	Of the quantities in (9.6) required for evaluation of 
the electron energy only fis measurable in an dbviousmanner from 
spectrograms of complete emissions ("hooks"). This is the minimum 
or cusp frequency of the hook (for 	1). We now consider methods 
of dednoing the other. parameters., 
9.3'LatitudeXendraremeter x. Suppose we assume that the energy 
lost (radiated) by the bunch during one hemisphere to heisiolum%, 
traverse is negligible. Then the observed emiesion frequenoies will 
be sYmetric with respect to the geomagnetic equatorial plane. That 
is, the frequenotprodnced by the bunch at latitude angle A: in the 
northern hemisphere will be the same as that produced when this bunch 
is at the- same latitude angle in the southern hemisphere. 
Consider the book in Figure 51 as observed in the northern 
hemisphere. We require the times Ti and Ti for some frequency f. 
f - — 
14.7 
Fig. 51 	A hook and the path of the electron bunch which generated it. Definitions. 
Fig 52 	Method of scaling the nose frequency and difference time at this frequency. 
The midpoint locus (broken curve) has the shape of a nose whistler. 
Ph These times. Which define the shape of the hodk, are made up of 
group propagation times (tg).of waves of frequency f and fe and 
electron bunch travel times (to). We can specify 4 point on a 
given line of force by the/yro frequency at that point. Suppose 
that, at the two points (ono in each hemisphere) Where the 
frequency f is produced, the gyro frequency is h. The equatorial 
plane is then denoted by be and the earth's =ewe by h>, 
Propagation times along the eurface of the earth to the observer 
do not involve dispersion and so do not change the Shape of the 
hook. 
Consequently the time T i is the time taken for the 
electron bunch to travel from the point hs in the northern hemi. 
sphere where frequency f is produced to the equatorial plan (a0 ) 
plus the difference between the propagation times fox' frequenoy fe 
to travel from the equatorial plan (be) to the earth's surface 
(bH>, $) in the northern hemisphere and that for frequency f to 
travel from point hs to h ),sri Putting this in symbolic forms 
Tl m to (1131 —>h0) tg 	he—" 	tg (f'N h  >N14 
'■ 4 In a similar wet,' we finds 
T2 • to (he.- he) + tg (f, 	h>1) 	g (fot 
I. te (vol.) tg 	'lir,. ad 4. ig (ft 
tg (f° 	h >,11) " tg (fa' 	h NW) 
We can drop the N, S subscripts if we always refer to the shortest 
distance. Taking the awn and difference times e and Tr we finds 
T+ 	+ T2 m 2 te 	4. 2 tg (f. 1107.->h) 	(9.8) 
g 
(49 
r ■ 	- T2 wis 2 tg (cs ho-->h x ) - 2 tg (fs ho-0. h x ) ,(9.9) 
We Will discuss (9.8) later. Consider now the differenee time T-
given by (9.9). This contains only wave propagation times. Further 
mores if we consider 'as a function of frequently f then (9.9) is 
the general (nose) equation of a "short" whistler Centred on the 
time (T- ■ 0) for which f ■ fel The., frequencyfor which T- is 
maximum is then the 11008 frequencyla of the equivalent nose whistler. 
Measurement of c defines the UM of farce in which the hook is 
produced and along *WI the electron bunch is guided. A, function. 
given by Smith enables h* -. and X to be found from f •	n 
A simple but accurate way of measuring flu is shown in 
Figure 52. The frequener-time shape of the hook is traced on 
transparent paper. This tracing is turned over on to the original 
hook so that the frequency !wales still correspond. By moving the 
tracing in the time direction a position will be Arnadvtere the 
descending part of the traoed hook lust touches the ascending part 
of the original hook and vice versa. The frequency at which this 
occurs is then the "true" nose frequency fn. 'Tots that this is 
always higher than the pseudo node which sometimes appears on the 
asoending:part of the hook (Figure 52). 
The nose frequency difference time (T;) can be foudd at 
the same time as Shown in Figure 52. We have shown that tr(s) 
defines the exact shape of a whistler end so should provide electron 
dasinktrinformation. Smith and Carpenter 	shown that if the 
time delays (0 and frequencies (f) of whistlers are normalised to 
nese values (tn and f:n) than the resulting curves of t/tn Vrstio 
ef all olosely fit 4 single "universal *haler dispersion a 
function" which they have calculated, Our T1: is then 
t 	t o .n 
1.e. T -"` t • S (fo n ) (9.10) n 	n  
where t is the short ihier time delay at frequency o, 	S 
is the Smith,Carpenter dispersion function. The double sided eitale 
Shown in Figure 53 which has been lonstructed from this fUnotion 
allows oalculation of tn. Note that we can also find the time* t o  
whit* i. the time between the instant the electron bunch passes 
through the equatorial plane (where frequently fel is emitt0d) to the 
instant of reception on the earth of the Cusp or minimum frequency 
of the hook. 
Xt is interesting to consider here an alternative 
method of finding fin and Tnii. which illuetrates some of the points 
made above. The mid point of a line drawn from some frequency f 
0n *nit branch of the hook to the same frequency on the other branch 
is given by 
T Of • Or 
Thu$ the leOus of the mid point is the whittler which would be 
observed if a wide band impulse oocurred at the instant the electron 
bunch passed through the equatorial plane. This "half whistler" is 
shown in .Figure 52. This alternative method is useful for finding 
fn when the book does not extend to this frequency by using the Smith—
Carpenter techniques, particularly if the scale frequency (discussed 
below) is known from other data. 
I co 
I SI 
Having found t f by the methods outlined above, or n n 
more accurately perhaps by the use of real nose whistlers, we can 
now find. the scale frequency a. This is given by (5.14)9 A 
sonogram for solving this equation is given in Figure 53. The 
function. N(fn) has been built into the fn scale. 
9.4 Helical Pitch. The sum time T+ is the time width of the hook 
at any given frequency as &wen in Figure 51. From (9.8) we see it 
contains both wave propagation times and electron bunch travel 
times. Thus T+ will be dependent on y e; SO that it should. be " 
possible to use T.+ as a measure of 
Suppose we measure. T+ at frequency f 2fo.. For a 
dipole field we have 
2t s.2 0 
The radial distance to the top of the field. line (Ito) can be 
expressed in terms of hot (3 is given by (9.6) and he 10 fo z• This 
	
* f I/6 00 
	
h/6 ( ) 3/2  11 cos7.t d  2 t • 12.82 	 o sin2 y/ 0)* (9 ' 11) 
in seconds where a is in Mois and fo in kohl. 
For the propagation time we have 
1 
	• 2 	phi..2t g 2o •2f 	(0  
From (74) this becomes 
2 t 	4.28a-1 c5/6 x 7/6 1 11( 	1/1 ) 	
.2)-P1/2 (9,12) 
- 2 
In (9.11) and (9.12) the integration limit t and 11 refer 
to values at the level for which f • 2f0 (and h • ho ). At this 
cc. a 0 	 0•5-7 a I 
° ( 1 - 	ainz k.P0)* 
level we have from (9.?) for the non-relativietio oases 
at the equatorial plane.(f.• fe) we hove! 
(he fe ),3 4 . (3 2 fe .he cos2 y 
DiViding and making. the x substitutions 
• [4.1:72....] 3 • 2 q[ i.. rrgan2 y . 	o] 
x 	. - 	cos2 4 
9 .1 3) 
Ia can now find r1 from (9.13) and t from 	and substitute 
these into (9.11) and (9.12). Then from(9.8) we have 
Tt 
 
• f:5/6 p (x,'0) 	(9.14) 
where, P is .a fMnotion of x and y e but not of 11 . For a given 
value of It which can be calculated from observed values of It, a, 
and fe 5then Y e is a function of x only. This is shown by the 
fam4y of curves of constant P in Figure* 54. In this nomogram 
(Figure 54) a point on the x scale is found from fo and fa and a 
point in the P scale from f0 and T (fox a m 1 Me/s). With the 
help of the nose shaped curve the appropriate P curve is 'selected. 
This curve will intereept the previously feund x value at the y o 
value given by the top scale. 
The highest frequency observed on the rising part of a 
hook is about .5 to .6 he. This effect is well known in whistler 
studies° and is caused by high attomuation88 in the vicinity of the 
gyro frequency. Thus measurement of It at f 2fe is not possible 
for hooks of x . -.( or 4. Also it will 'be noted from Figure 54 
that the It curves beoome nearly horizontal for low valuet:; of x. Pox. 
Rearranging: 
x2 .  
( x 	I )3 	( 	g)3• 
• 	1g (1, — 	sin2 	• x, 	(9.15) 
suoh hooks we use =alternative method based on 0* meesUrement at 
f fa or in general at f gN. 
Equation (9.13) becomes 
)3 - 	g 	—  x — 1 
"3 
2 	2 oos 1r 
From (9.6) and (9.15) we find 
(3 2 	ho 
a 	g 	n ain2 
  
'Po) 
Substituting this into the integral for 2te we find 
04 op A_A a1/2 h."5/6 ,gi ll 14, . 0 ... 1 .4.,2 tb 0/2, 	.425-7,...L.. cte .... 	‘,.., 	
0 	
..." i 0 1 :( 1 _g)3/2 
)lw- (4_ rysin2y 0)1/2 
Note that this does not contain x. Also to the extent that 
t 
x 
1  oos72 
sin2T e )1/2 
. 1 	9.'16) 
and. using the approximation for small values of t 
,e 	 ( 	 — i)112 
wo have 
2t. 3.96 al/2 0/6 1/2,j1.1.:22.1_12 o 03/2 (9.17) 
1 ein2 	)i/2 
Using the same quasi constant model of electron denisty and referring 
all frequencies to ho we find 
ta
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Fig. 53 Nomogram for calculation of scale frequency (a). 
by use of the double sided scale in Figure 53. It will be sea 
from this sale that for reasonable accuracy We require a hook for 
which f ?z, 2f In general whistler measurements will be more 
acurate. HOwever in both oases (ii) and (iii) we maybe 
Measuring scale freqUendy in a different field line (if t o is 
different). This could. introduce an , error of. 40 per cent4 3.. 
?or evaluation of the other parameters T, is. 
measured at f iii2f and. the nomogram Of Pigtre 54 is used.provided 
=> 2fO. Otherwise. e is measured at f • fu of t 	anit 
Figure 55 is used. In both oases the terminating geomagnetic 
latitude of the field. line is immediately obtained from the 
f 	X scale. 
Consider the first case (Oigure 54). The tO 
scale is graduated and scaled logarithmically in fo: The 
f --. 	scale is scaled (but not graduated) logarithmically in 
U0 . A straight line through appropriate values of f
0 
and f gives 
the position of X on the x reference line. This sale is not 
graduated as the actual value is not reqUired. Similarly the 
position of P on the F reference line can be found from fo and. 
e 	The curve labeled X2 is the function 
X2 	(z -.1) 3/x 
The positiaof on. the Xig reference line corresponding to* 
found above is obtained by drawing a horizontal line through the* 
point and a vertical line through the X2 point such that these 
inierseet on the X2 .curve. A horizontal line dran through the r 
I SI. 
1
.  
I 	
?
  1
"
 "
 
1„
, w
oo
 30
0 	
20
e 	
15
°  
ft
/ 
0
0  
3
0
°  
40
°  
5
0
° 	
60
° 	
70
0  
II 
I 	
. 
10
 
20
 3 
(k
c.
) 
2
 .
 
• 
10
 7
 
•1 	
1 	
3 	
10
 	
10
0 	
30
0 
C
 (k
 .6
 .v
.) 
l
'
j'
f'4
4
44
44
/ 	•
 
I
 
"
 
"
1
 
"
 	
'14
-r
"1
"
-L
1 
-0
2 
-0
3 	
-O
S 	
-1 	
2 	
3 	
-5 	
r 
16
 
M
h.
 
r 
3 
. 	
5 3 2 
r 
(s
ec
.)
 
/
-
-0
5 
a 
X 
f 
a 
-
‘ 
fn
 X
 
ck
c.)
 
.5
 - fe
(k
c .
) 
point will intersect the nose shape curve at et Feint Which lies on 
the appropriate constant V curve of the family* This curve will 
intersect the horizontal line through x: at the value .of LP, (Avon by 
(vertical lino) the y o 	tin male of the top of Figure 54 . , This 
scale is graduated in degrees for t_po and t in (latitude angle of 
mirror point) but scaled logarithmically in see (1) 	The,anergy 
(E) and (3 are then found from 110 / a t the position 129 and glee 
y 0 nomographicallyS This part of the nomogram expresses 
equation (9.6). The 10 , -- (3 scale is ecaled logarithmically in 0 
but graduated according to the relativistic correction given in 
(9 .4). 
This procedure is illustrated by the example 
shown in Vivre 54. 041* certain combinations of scales bear 
nomographic relationships so meaningful intercepts are marked with 
Omall.cireleos It le of Course, unnecessary to draw any of thee's 
lines or curves. All scales and reference lines are parallel or 
perpendicular so that set squares can be used for the graphical 
parts. It should be noted that the scale frequen0y(a) must be 
used in unite of 11.0/e as obtained in Figure 53. 
If f -z 2f measurement at f * 2f may be n 	o 	_ 0 
impossible. In this case the nomogram of Figure 55 is used. The 
Vmlue of 	is found from the flu and VI. Ti: wales. The 	scale 
is logarithmically scaled in the :Unction 0 of equation (9.19) but 
graduated in 1 for two values of g. As will be seen later the 
terminal latitude ( ).) of the field lines in which hooks are 
generated appear to be confined to a narrow range about 60 0. For 
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Fig. 55 Nomogram for calculation of ?I , X 1 and X 2 for T + measured at the nose frequency 
or three quarters of this frequency. Energy and helical pitch are then obtained from the 
expressions (9.6) and (9.20) . This method entails some simple artihmetic and slide 
rule calculations. 
this range these two Values correspond to f qp_fnand flu /fn. The 
time e can be measured at either of these frequencies provided the 
corresponding side of the I scale is used. The X I 	X2 scales 
are 'Waled logarithmically in* and Bo these values are obtained 
from the ci end fo scales aBsbowWin. Figure 55. Then lig p and 
yo must be calculated from equations (9.20) and (9.6) 
Since this case (fn "‹ 2%) corresponds to lere 
values of x which is generally . associatedwith low energies we do 
not require a relativistic orreetioni The simpler form of this 
nomogram is offset by the necessity of additional slide rule and 
arithmetical calculations. 
The discussion so far has been limited to 
"original" or non—echoed 'leeks.. However the electromagnetic energy 
or signal may be reflected near the earth back along the field line 
once (and so be observable near the Conjugate point) or perhaps 
several times. Such echoed hooks can also be 1104 for evaluation 
of electron parameters. The frequencies fo and fn will be unchanged. 
,•Piom (9 '4) We ewe that e 4100 will be unchanged. On the other hand 
the midpoint locus iVis for a non echoed hook is the dispersion of a 
single trip from the equatorial Plane to the earth's surface. For a 
once-echoed hook the dispersion path is three' times this so that 
for such a hook is three times that of the original hook. Since a 
once.i.reflected hook is not earily recognised as such (see Section 
8.2) calculation of Seale frequency from Tij by Figure 53 would 
lead to a value nine times too large. Fortunately, however, such an 
ambiguity can usually be. resolved. Carpenter" measured f, ta of 
over 250 whistlers. If these are converted to scale frequencies 
about 75 per cent lie in the range 0.5 to 2 Me/s. The highest was 
about 4 Me/s and for nose frequenoies less than about 10 kohl there 
was none above 2 MO/s. Consequently apparent values of a =- 2 or 3 
as obtained from T: is evidence of echoed. hooks. This ambiguity is 
completely removed if more than one echo is observed as t can theft 
be measured directly (provided fla is measurable), 
In general the treatment given above can only be 
applied to complete emissions or hooks. Incomplete forms such as 
"falling tones" and "risers" only provide cp and T1 or T2. If the 
nose and aeale frequencies are known from other data the missing parts 
Could be Oupplied from the midpoint locus if-. This would be the 
case if identifiable echoes were observed.. 
• 	 The theory of thistreatment is batted on the 
assumption of a dipole magnetic field and a constant scale frequency 
along the field line within the region of generation of the observed 
frequencies. Some departures in the T+  curve over that calculated 
flem the theory have beei noticed. As these occur at the high frequency 
end it is perhaps advisable to measure e at the lower of the 
frequencies fla and 2f0 . These departures do not seem to occur in the 
Tr" curve indicating that any perturbations are symmetrical about the 
equatorial plane. 
9.6 Some &moles. As an example of the method fourteen hooks were 
soaled from spectrograms published by Calle*6  and by Hen:teen and 
Carpenter9. These published spectrograms had the usual aspect ratio 
of 10 keis range being equivalent to one sedond intefval labia is 
ideal for our purposes. The size, contrast, and definition of these 
spectrograms as published were not really suitable for accurate 
scaling but useful results were obtained as shown in Table 8. The 
first five of these hooks were taken from Gallet and the remaining 
nine from Belliwell and . Carpenter. 
The sum time 14. was measured at 2ft;1 for each hook 
and at f as well for six of these hooka. These times are Chown in 
Table 8 as Tio+ and Ta respectively. For these six honks both 
methods were used for energy and helical pitch calculation. The two 
sets of these values are shown in Table 8. There is reasonable 
agreement between them. What discrepancies there are could be 
explained by either scaling errors or the simplifying assumptions 
used in deriving the alternative (fa) method. 
The scale frequency a as calculated from Figure 53 
for each hook is shorn in Table 8. However for the value adopted 
for energy . and pitch caloulation, use was made of the fact that 
hooks often occur in groups. For instance the last seven hooks all 
ea.:stirred within thirty seconds or so of 0135 U.T. on October 4 . 1959. 
Also honks 2 and 3 both occurred at 0635 MT. on February 15, 1958. 
It seems reasonable to assume that the scale frequenoy would not 
change in such a short time. ThUs a weighted average value was 
adopted in such cased. 
This sample is too small for statistical analysis. 
It seems that relatively few spectrograms of hooks have been actually 
DEDUCED 
X 	ye E. 	y2E* E** 
key 	key 
570  64° 85 62° 78 
60° 740  47 70° 31 
59 0 58 o 23 63o 29 
60° 64° 26 66° 26 
57° 56° 37 - 
61° 68 °150 - - 
58 ° 50° 47 570  60 
58 ° 38° 55 - 
590  41° 70 '- - 
59° 48° 68 
59° 58° 83 
59° 56° 80 - - 
59° 52° 51 56° 57 
59° 550  88 - 
Table 8. Electron data deduced from hooks. 
MEASURED 
No. 
fo 
ko. 
f n 
Ice. 
T-n 
sec 
T+ 
sec , 
T+ 2o 
sec" sec 
a* 
Mc. 
1 3.3 9.6 .40 .57 .33 .85 1.3 
2 3.3 5.7 .22 .56 .70 1.3 1.8 
3 3.7 7.1 .23 •.70 .75 1.0 1.5 
4 2.7 5.3 .35 .78 .80 1.5 1.7 
5 3.9 10.4 .40 - .53 1.0 2.1 
6 1.6 4.6 .48 - .31 1.0 .50 
7 4.2 8.0 .28 .42 .49 - 2.8 
8 2.7 7.5 .28 - .43 ' 	.65 .53 
9 1.6 6.5 .61 - .36 .95 .59 
10 2.0 6.5 .44 - .42 .85 .56 
11 2.3 . 	6.5 .44 - .38 1.0 .80 
12 2.1 6.5 .35) - .70 .40 
13 3.2 7.1 . .28 .56 .48 .95 1.1 
14 1.9, 6.3 .50 - .38 .95 .63 
*Deduced from the hook. The value used for energy 
and pitch calculation may differ from this. 
**Calculated by the alternative method (Figure 55). 
published though etude seven of the fourteen considered here 
occurred in an interval of half a minute one would expect that 
enormoussombers would have been recorded during 
However some.intereeflag Preliminary conclusions can be drawn from 
the,fetwe.have 
Table 8 Showsthat'the*generation of these boas 
was confined to a ,narrow range of field line latitudes. The last 
seven were observed at Seattle (600magnetie latitude 54°0 but bare4 
or not at.. all at Stanford (44!),N) as -shown in HelIiwell and 
Carpenter?. This indicates an observing range for any one event 
(produced by propagation under the ionosphere) of some ten degrees 
of. latitude. Thus we. would predict from this that the occurrence rate 
of observations as a function of receiving station latitude Should 
show a broad maximum in the vicinity of 59% The observed? 
(Figure 3) Oodurrenee rate of #Choruan for days of.1Cp .- 4 dhows sada 
4 maximum at approximately 50°. Although the average latitude of 
the field lines of generation can be deduced from such analyses Of 
Occurrence rate of observations the method given here for the first 
time gives the latitude.ofill=ualemissions. The Method slab 
gives, the time of generation of the centre (to) Of the hooks. pram 
Table 8 we flee that,this occurred, about one second before observation. 
If the electron bunches thioh produce these hooks 
were all injected into the field line near the equatorial plane 6114 
if there were no preferred direction of injection, one would expect 
the median of the. equatorial pitch angle (. 41) ) values of a large 
1(4 
nUMber of bdadhes to be 600. This is aPproximateIy so for the 
feUileen hooks in Table 8: The latitude angles Of the Mirror 
Points-( 	eorresponding to these values of k_p c, range from about 
80 td 30° as seen from the top scale of 'Figure 54. The latitude 
angle's Of the points at which the frequency fla was generated. was 
found from 	for the 'six hooks for which T was scaled. These 
ranged from 70  to le: 'Thus most. of the Observed frequency range is 
generated 'within some tea to twenty degrees of that equatorial plane. 
It is imiiortent to note that since fla is the highest freqdencrat 
which measurements are Made, the assumptions of constant scale 
frequency and. dipole magnetic field need. only apply within this 
region. 
Probably the most important parameter is the 
eleotron energy. The energies shown in Table 8 are of the order of 
e few tens of kilo electron volts. Thus typical values of (N 
are around 0.3 to 0.5. Pelativistio effects are very small at 
these velocities so that the rough correotion formula (9.7) which 
was applied to the energy sdale of Figure 54 should be safficiently 
accurate. 
I C. 
1 1 10. ELECTRON- CYCLOTRON GENEHATICII OF EXOSPHERIC V.L.F. NOISE ("HISS"). 
10.1 Introduction. Over the last three chapters (7, 8 and 9) the 
doppler-shifted electron-cyclotron theory of discrete V.L.F. 
emissions has become well established. Since by definition "dawn 
chorus" is made up of discrete emissions, then it is also explained 
by this theory. Thus we have a well known and very common class of 
emissions which are explained in terms of the cyclotron theory and 
which can be very similar to hiss (see Section 2.1, Figure 2 and 
Ref. 9). This suggests that perhaps hiss is only a type of 
unresolved dawn chorus produced. by the cyclotron process by a 
sufficiently large number of small electron bunches or a continuous 
stream of electrons. This merely explains the continuous or white 
noise nature of hiss. However it will be shown in this Chapter 
that all of the other characteristics of hiss which are explained 
by the TWT process of Chapter 6 can be equally well explained by 
the doppler shifted electron-cyclotron process. 
10.2 Frequency band Limits. It is clear that a sufficiently large 
number of overlapping and unresolved "discrete emissions" could 
produce white noise. However an essential feature of hiss is that 
it is band limited and that the band width is often quite small, 
Whereas at first sight one might expect oniy broad band noise from 
unresolved "discrete emissions" produced by the cliyolotron process. 
But two effects limit the upper and lower frequencies respectively. 
41. 
The highest frequency emitted (equ. 7.1) is the gyro 
frequency at the mirror point. However there is a propagation out 
off much below this limit caused by attenuation near the local ezrro 
frequenoy. It ie very sharps Idemobst and Scarf88 found that in 
the vicinity, of this cut off the attenuation int:weeded from 5 db 
to 50 .db in a three per cent interval of frequency. ,54th 43 found 
that the upper cut off frequency of all nose .whistlers he analysed 
never exceeded 0.55 . to 0.6 times the minimum gyro frequency along 
the whistler path. , Choosing the lower frequency, for example, the 
highest observable frequency from emissions generated in the 
hemisphere opposite that of the observer will be 0.55 N. For 
emissions generated• in the observer's hemisphere, however, the 
lowest gyro frequency along the path from the emission point to the 
observer occurs at the emission point. Thus the highest observable 
frequency (fm) will be 0.55 hm where hm is the gm frequency at 
the point at which -fm is generated: Substituting into (7.1). 
(hm — 0.55 hm) 3 II 0.55 al? hm? act? Lp 
Prom the principle of Invariance of magnetia moment we can express 
the pitch ( ) iii terms of its value at the equators 
slos? ..t) 	at, 1 ••• ( h / hid sin2 ly o. 
Consequently: 
fm 0.55 h-st 0.55 [0.17/a 	+ sin2 LpAl 	110.1) , 
These points are illustrated in rigUre 56. '933.0 
rising parts (right hand side of broken curve) are produced in the 
hemisphere opposite that of the observer and. so  are United to 
I L7 
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Fig. 56 A family of hooks calculated for electron bunches of minum pitch angle 
tfro = 600  and several energies as shown travelling in an exosphere of 
scale frequency a = 500 kc/s along the (dipole) field line A = 60 0  . 
At time t = 0 each bunch passed through the equatorial plane from the 
observer's hemisphere to the opposite hemisphere. 
I ‘, 8 
Fig. 57 Upper and lower frequency limits of hiss generated in the field line A=60. 
(a) Curves f(E) for discrete values of cos 00 . (b) Curves f(00 ) for 
discrete E . 
LI 
0.55 h0 . 7.4 .  kcia. The upper limits of the falling parts are 
given by (10.1). At any given frequency only energies above some 
limit can produce radiation. At frequenoies below the whistler out 
off (0.55 ha) radiation from. both hemispheres can be observed. If 
the stream is confined to the hemisphere opposite that of the 
observer the upper limit will be the whistler out off. This is 
another, way of saying that if the hiss consists entirely of 
unresolved "risers* and "pseudo noses" (no unresolved "hooks" or 
"falling tones") the upper frequency limit will be 0.55 ha . This 
is perhaps likely at times since rising type discrete emissions are 
about five times as common as hooks and Milling tones (Table 4) . . 
The upper and, lower limits as a oontinuous fUnotion of 
energy for discrete pitch angles and of pitch angle for discrete 
• 
	
	energies are shown in Figure 57. These are drawn for the field 
line terminating at latitude X 421 60° . The same curves can be 
applied at any other latitude if the . frequenCies and energies are 
scaled in proportion to he-. A constant scale frequency of 500 keit; 
has been assumed but a definite model of magnetic field is not 
required (provided it is monotonic) except for obtaining field line 
latitude X from minimum gyre frequency he Note that narrow band 
noise can be produced by a range- of energies for any given pitch 
angle, but for large pitch angles this energy range is larger. 
Wide .and. very wide band noise will be produced by electrons of low 
pitch and high energy. During magnetic storms electron streams 
reach down to the ionosphere to produce aurorae. 49 At high latitudes 
60° ) this requires pitch angles ( 	) less than about 5° . We 
might also expect higher energies during storms and thus wide and 
very vide band noise as observed (Seotion 3.1). 
10.1 Amplitude- freatiency speetra. In considering' bandwidths of 
hits precluded by Streams of electrons'Oyarious energies amd., 
Mininiut pit& angles we haVenssuted mono energette, mono' pitched 
etreams4 This is net in unreasonable assumption sinde it is 
observed that the bandwidths Of individual discrete emissions rarely 
exceed 150 o/s at an instant.' This could. not happen =lead the 
elec.:tient, in the bunches obi:Oh produce these emissions had. narrow 
ranges of energy and pitch. One would expect the same to hold true 
of streams. Also mono energetic eleotron Streams have been 
observed.49 Pita angle measurements of electrons 'in streams have 
not been repotted! Reveler we will dhow that the Main featureald 
hiss can be produced even if the electrons of the streams have vide 
energy and pitch distributions. 
. Two energy spectra of,eleetron. streams as assented by 
Malvain49 will be considered. Both were 'measured by rodkets fired 
into viable aurora. The first was observed inside a quiescent 
auroral glow of intensity I. It showed an integral number energy 
spectrum proportional to exp (4/5) eleottase/sec cm2 over the range 
wec 1 to 36 key'. The second was obserVed in a bright active auroral awl, 
'This stream consisted OZ practically mono energetic electrons of 
energy.6 key. 
We will consider a pitch angle distribution produced by 
isotropic injection at the equatorial plane given by equ. (542). 
1 1 
10- 
Satellite measurements95 of the low =era ( 	500 lunr) electrons 
in the outer radiation zone indicate such a pitch distribution. 
Preliminary measurements from hooks (Section 9.6) indicate that the 
pitoh distribution of the electron bunches (but not of the electrons 
in an individual bunch) is also of this type. 
The power radiated by an electron travelling along a 
helical path in a plasma with superimposed magnetic field has been 
given by Eidman.51 For our purpose a crude approximation of his 
expression will suffice. 
w is kf i 4 	 (10.2) 
where k is assumed constant. This is the power radiated by a single 
electron. From Figure 57 we see that a given frequency f requires 
electrons of energy equal to or greater than some mini= value 
BO yd., -which is a function of ye We will assume that the. 
power radiated by the electron stream at this freTmuuntis propor-
tional to the number of eltotrons fulfilling this condition, weighted 
by their energy as in (10.2). If the number of electrons having 
energies within &S of E id dW(E) sha if the pitch distribution is 
gilt= by (5.2), then the power radiated by the stream at frequency 
f is given by (atbttnugumits)t 
W(4 s fc A 4 ;KV 041 To 4 qii, . 	e 
For NoIlwaints first stream the integral *umber energy spectrum is 
given by 
J ( >) c2*4 ezI(-B/5) eIsotrons/seo om2 
(10.3) 
The number energy spectrum per energy interval is them 
exIA-S/5) dE 
The density of the electrons in this energy interval dE is given bys 
c'( t4 exP(-0) a 
For MoIlwain s moneenergetio stream we takes 
dff(E) 	1 for Ent 6 key 
41w 0 for all other values of E. 
Amplitudei-frequenoy spectra of hiss generated by these 
two streams as calculated from (10.3) for streams confined. to the 
field line terminating at latitude Xiim 60° are shown in Figure 58. 
Note the similarity in shape of the two spectra. She peak or 
average amplitudes are not comparable', they have been arbitrarily 
chosen for best clarity.. 'The.bande limits of the hiss generated by 
the monoenergetio stream are approximately given by the 
cow .Hp o * I curve of Figure 57(a). Thus the hiss spectrum from 
the first stream (exponential energy distribution) could be 
approximated in shape, amplitude and bandwidth by 0110 generated by 
a mono energetic stream of 15 key eleations. Hiss spectra from two 
hypothetical mono energetic etreams'at'latitude 	63:5° are shown 
in Figure 59: From what bae been said above we would expect 
Similar speatra from streams having energy distributiona 
/D emg—E/E6) .if E6 is appropriatelY Chosen: 
An amplitude discontinuity occurs at the whistler Out 
eff'frequency 0.55 ho Above this frequency only hiss generated in 
72 
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Fig. 58 Amplitude-frequency spectra of hiss generated in the field line A = 60 0  
by electrons having the pitch distribution given by (5.2) and energy dis-
tributions as in the streams observed by McIlwain. A finite stream width 
would smooth out the discontinuity at 0.55 11 0 . 
.556. 
30 Mrs 
NY 
3 	5 	10 
	
2.0 	30 60/0 
FREQUENCY 
Fig. 59 Amplitude-frequency spectra of hiss generated in the field line A = 63.5 ° 
by two mono energetic electron streams having pitch distributions given 
by (5.2) . Compare these with the observed spectra in Figure 4A. 
I 73 
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the observer's hemisphere can be observed, whereas below this 
frequency hiss from both hemispheres can be observed (see Figure 56). 
For hiss consisting entirely of unresolved "hooks", or of "hooks" 
plus equal amounts of "risers" and "failing tones" the discontinuity 
will be a factor of two in power or of root two in amplitude as 
shown here. If the hiss consists entirely of "falling tones" the 
discontinuity will disappear, but if it consists entirely of 
"Tigers" and "pseudo noses" the high frequency side (f >•0.55 ho ) 
will not be observed at all. In all cases the low frequency side 
could be further augmented by whistler mods reflections near the 
earth of previously generated hiss. In any (nee the sharpness of 
the discontinuities will be considerably rounded by finite atten-
uation at cut off and finite stream width (field line latitude 
ranges of a few Untie of a degree would suffice). 
Figure, 4k dhows amplitudeufrequaacy spectra of hiss 
observed by WattelCrduring a magnetic storm. These show similar 
ehapeeto those of Figures 58 and 59 if the disoontuities are 
rounded off. The Observed spectra will have been modified by 
attenuation in propagation through and under the ionosphere. AA 
it is the comparison indidatee that the frequency 0.55 ho is about 
2 kale. This would correspond to a field line of generation of 
about latitude 65° . 
10.4 Discussion. Thid cyclotron theory of hiss can gioommt for 00 
observed characteristios of hiss listed in Chapter 2.. Frau Figured 
58 and 59 and equations (9.3) and (10.1) we see that narrow and 
I 7 1f 
medium band. width hies occurring at frequenoies less than TO kcis 
would be prOduced at geomagnetic latitudes of 6e Or higher. Very 
wide to narrow bandwidths can be produced by this process even for
wide pitch angle and energy distributions provided the high 
energies are falAy sharply Out off (power law or exponential) as 
observed.49 Wide bandkidthd rill, be produced by higher energy. 
electrons which we might expect to be associated with magnetic 
activity. 
Prom our present state of knowledge, the cyclotron 
process explains the observed features of hiss as well as does the 
Tit irooetts (see Chapter 6). in addition the oyolotron process 
already explains the much more detailed features of the discrete 
emissions and dawn chorus. However the two processes are not 
mutually exclusive. Both may operate, possibly even at the same 
time and in the same electron strops, though one may (iodinate. 
It should be possible to distinguish between these three possibili-
ties (cyclotron, or TWT, or both), if not from present data, at 
least from new experiments based on predictions of the two theories. 
The TWT process requires a stream travelling towards 
the observer whereas the cyclotron process required the reverse. 
Unfortunately hemisphere to hemisphere electron and wave travel 
times are of the order of seconds whereas time variations of hiss 
are of the order of minutes or hours. Thus whistler mode 
reflections of hiss and magnetic refleCtiens of electrons Would Mae 
the original stream and emission directions very difficult to detect. 
176- 
Although both theories predict that the centre 
frequency of narrow band bursts will be proportional to the 
minimum gyro frequency (h0), the constants of proportionality are 
different. For the TWTtheory this frequency is 0.15 bo, Whereas 
for the cyclotron theory it is 0.55 NI. For typical 4 ko/8 
narrow band hiss the corresponding field line latitudes are 55.5° 
and 63.5° . In addition the TWT Process eau produce narrow tend 
hiss not obeying this relation if the stream is mono energetic and 
narrow pitched. This effect is difficult to detect on the earth 
because propagation under the ionosphere allows observation of hiss 
generated in a wide range of field line latitudes. On the other 
hand a satellite travelling Net above the ionosphere (or higher) 
will receive only radiation generated in the field line through 
which it is passing. In addition, since there would be no 
ionospheric losses to °oaten& with, the intensity would be several 
ordere of magnitude greater and the observed amplitude-drequency 
spectra would be as generated. For eimilar reasons such a satellite 
would be very useful for work on discrete emissions and whistlers. 
10.5 Conclusions. Doppler shifted cyclotron radiation from receding 
electrons which already explains the detailed frequency-time Shapes 
of discrete emissions can also explain the observed characteristics 
of hiss. However the amplified cerenkov (TWT) process also explains 
these characteristics and it is difficult to distinguish between the 
two theories for hiss on present data. Observations from a satellite 
of the variation of frequency of narrow band hiss with geomagnetic 
latitude could resolve this. 
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(ii) Experiments to test the frequency.v4atitude variations of 
narrow band hiss as predicted by the electron-cyclotron and TWIT 
theories should be carried out, as outlined in, Chapter 10. 
(iii) As mentioned at the end of Section 9.5, the high frequency 
parts of hooks sometimes tallow significant departures (or + too large) 
from the predioted shapes. The cause of this may lie in the assump-
tions of an unperturbed dipole magnetic field, a constant scale 
frequency and, 	0 (Section 9.2). 
11.3 Published Work. Much of this work has been published in 
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sections Of the thesis in which similar material appeared 18 given 
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an envelope at the back of this thesis. 
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3* R. Le Dodo:, "Wide band bursts of V.L.P. radio noise ('hiss') at 
• Hobart" Australian al. Phys. 15 114.119 (1962) 
(Section 3.1). 
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13. SYMBOL% 
All symbols are defined in the body of the thesis where they 
first occur. 	Those which are used extensively and which may occur 
away from their definitions are also listed here. 	Where appropriate 
the reader is referred to a Section or Figure for further information. 
Note that a different notation (Brice's) is used in Section 8.2 and 
in Figure 48. 
a = /4/11 st scale frequency (Section 5.5) 
a IF 0%2/-a02  (used only in Chapter 6) 
= geomagnetic field intensity 
c = velocity of light in free space 
D = tf k = whistler "dispersion". 
E = energy 
f = signal or emission frequency 
f+pr Az upper and lower TWT amplified frequencies (Section 6.2) 
= whistler nose frequency 
g = 4/ho 
h = electron gvro frequency 
flux of particles of energy > B 
latitude angle coordinate (Fig. 32) 
latitude coordinate of mirror point. 
electron plasma frequency 
refractive index 
electron density 
I el 
:(>E) 
t 
= 
It. 
tm = 
p = 
n = 
N =: 
198 
• = radius vector (in earth radii) 
▪ = distance along a field line (Fig. 32) 
t delay time 
TT2 = times related to hooks (Fig. 51)a 
T* = T * T = time "width" of a hook 1 	2 
Ten' 	T12 ( = equivalent nose whistler delay) 
✓ a velocity 
x hot% 
x2/ (x — 1) 3 1 
X2 = (x - 1) 3,/x 
a = attenuation (or amplification) constant 
= 
Y = (1 - 132)- 
= Øaec6 l  
e = angle between directions of emission and magnetic field. 
X = geomagnetic latitude at which a field line cuts the earth's surface (Fig. 32) 
= (1 • 3 ain2 t 
= helical pitch angle (cosi) = vd/v) 
Subscript o = value at t = 0 (equatorial plane) 
Subscript X = value at 	=X (earth's surface) 
Subscript d = component in the direction of the magnetic field 
a Used with a different meaning (Brice's) in Section 8.2 and 
Figure 48. 
Subscript in = maximum value (Section 10.2) 
Subscript it = value at f = f 
Subscript e = electron component (Section 7.2) 
Subscript g= wave group component (Section 7.2) 
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(Reprinted from Nature, Vol. 195, No. 4845, pp. 984-985, 
September 8, 1962) 
'Scale Frequency' of the Exosphere 
WHISTLER measurements of nose frequency (ft ) 
and time delay at this frequency (40 give a fn , tn 
distribution well fitted by a `gyrofrequency' model of 
elec tron density in the exosphere': one for which the 
electron density is everywhere proportional to the 
magnetic field strength or gyrofrequency (fH). Since 
the electron density is directly proportional to the 
square of the plasma frequency (A) and uniquely 
determined by it we can express this model by the 
relation: 
fafEr 
The constant of proportionality, fa, has the dimensions 
of frequency and so might be called the 'scale fre-
quency' of the exosphere. It is typically around one 
megacycle per second (as deduced from Smith's 
work'). 
2 	 6 	10 	20 	50 
- fn (kc /s) 
Fig. 1. The function F for calculation of scale frequency from 
nose frequency and nose delay time 
To the extent that the gyrofrequency model fits the 
real exosphere the scale-frequency is constant. But 
the point I wish to make in this communication is 
that, regardless of this fit, the parameter, 'scale 
frequency', is a very useful one in ,exospheric studies. 
It is in the same form (frequency) as the other 
parameters (fo , fll, f) describing emission and propa-
gation in the exosphere. The low-frequency dis-
persion Do = Pi 2 t becomes D, = sfa1 / 2 where 8 is the 
half-length of the field line in light-time units (light-
seconds). For f„ constant along a field line the nose 
whistler integral can be solved analytically'. Since 
whistler data show that the scale frequency is at least 
quasi-constant then variations in space and time can 
be sensitively expressed by it. This would be par-
ticularly useful in discussing magnetic disturbance 
effects. 
Scale frequencies are readily deduced from fa , t8 
data from nose whistlers. A recent extension of 
whistler analysis 2 makes it possible to obtain f. and t. 
from perhaps all well-defined whistlers even when the 
nose is not directly observable. In this work 2 it 
was shown that the nose frequency dispersion (D.) is 
related to the low-frequency dispersion (Do ) as: 
= 1456 D 0 
Thus : 
infn1 / 2 = 1.456 8 f/2 
Since the field line (and length s) is uniquely determ-
ined by the nose frequency, a function of f„ can be 
substituted for s. Thus: 
fa = Ft 4/3 kc/s 
F = (1.456 8 ./ 3 ) -2 
where t, is measured in seconds, fa in kc/s and the 
slowly varying function F is shown in Fig. 1. 
It is interesting to note that a theoretical modeP of 
electron density in the exosphere based on the premise 
that the electrons are controlled by the Earth's 
magnetic field rather than gravity gives a quasi-
constant scale frequency. Thus, this is largely a 
consequence of geomagnetic control of exospheres 
just as a quasi-constant scale height in the Earth's 
atmosphere is a consequence of gravity control. 
R. L. DOWDEN 
Ionospheric Prediction Service, 
University of Tasmania, 
Hobart. 
'Smith, R. L.. Ph.D. dissertation, July 11, 1960, S.E.L. Tech. Rep. 6, 
Stanford University. 
Smith, R. L.. and Carpenter, D. L., J. Geophys. Res., 66, 2582 (1961). 
Dowden, R. L., J. Atmos. Terr. Phys., 20, 122 (1961). 
Printed in Great Britain by Fisher. Knight & Co., Ltd.. St. Albans. 
( Reprinted from Nature, Vol 811 pp. 803, September 12, 1959) 
Low-frequency (100 kc./s.) Radio Noise from 
the Aurora 
EXTRATERRESTRIAL radio 'noise' has been in-
tensively studied during the past decade. The steady 
background radiation or 'cosmic noise' from inter-
stellar space has been observed' at frequencies down 
to about 1 Mc./s. and an intensity of about 10-" 
watts per square meter per cycle per second (W.m.-' 
(c./s.) - 9. Ellis' later showed that cosmic noise at 
lower frequencies could not penetrate the earth's 
magneto-ionic upper atmosphere. Reber 3 , however, 
reported observations of steady noise of intensity 
10-22 w .m._2 (,./s. , ..1 ) 	at frequencies of 520 kc./s. 
and 140 kc./s. This appeared to be correlated with 
sidereal time and so was claimed to be cosmic noise. 
Recently 4 extraterrestrial continuous ('white') noise 
has been studied in the audio-frequency band. This 
normally shows peak intensity (10 - " W.m. -2 (c./s.)- 9 
at around 4 kc./s. It appears to be generated in the 
upper atmosphere by auroral particles', it is highly 
correlated with auroral airglow 6, and it has been 
designated 'hiss'. 
I have also carried out observations of 'hiss' at 
Hobart, Tasmania, to provide a comparison with 
those of Ellis at Sydney. Results appeared broadly 
similar but the intensity at Hobart is much higher 
(10-15 W.M. - 2 (C./S. )-1 ). In view of Reber's observ-
ations (and similar observations of mine' at 450 kc./s. 
at Macquarie Island) it was decided to operate on 
five frequency channels simultaneously, covering the 
gap from the normal 'hiss' frequencies to the con-
troversial 100 kc./s. band. The centre frequencies of 
these channels were 4.6, 9.6, 27, 70 and 180 ke./s. 
For the loop antenna and amplifiers used the sensitivity 
increased with frequency, so at the lower two channels 
it was about 10- 17 W.m. -2 (c./s.) -1 and for the higher 
two it was around 10-- 2 W.M.-  (c ./s. ) - ' . It was 
found that the intensity of both the 'back-ground' 
radiation and the usual 'bursts' showed a general 
decrease with frequency so that normally nothing 
was observed at 70 and 180 ke./s. 
On one occasion, however (April, 1959) a number of 
bursts were observed which showed deep fading. 
When the records of the five channels were examined 
together it was found that strong noise was present on 
all channels. Moreover, the fades on each channel 
showed a strong one-to-one correspondence and were 
simultaneous to the limit of reading 	10 seconds). 
The noise level of these bursts at the lower frequencies 
was fairly typical of the more usual bursts (10 - " 
W.m." (c./s.)- i at 4.6 kc./s.) but at 70 and 180 kc./s. 
the noise power was at least two or three orders of 
magnitude greater than normal (to about 10 -15 
(,./s. )_1) . 
Unfortunately it is not known exactly on what day 
this occurred nor whether a notable geomagnetic event 
took place at the same time, for the research station 
together with the equipment and records was des-
troyed by fire on May 24, 1959. It is probably a rare 
event as it only occurred on one occasion in about two 
months observing. It is none the less established that 
'hiss' can sometimes occur at frequencies up to 
180 kc./s. at least, suggesting that extraterrestrial 
noise much below a megacycle might be 'hiss' (that is 
generated in the upper atmosphere) rather than 
'cosmic noise'. 
My thanks are due to Mr. G. T. Goldstone, who built 
and operated much of this equipment and assisted in 
the observations, and to Dr. G. R. A. Ellis, Upper 
Atmosphere Section, C.S.I.R.O., who provided part 
of the equipment and circuits and who suggested the 
4-6 kc./s. and 9.6 kc./s. observations. 
R. L. DOWDEN 
Commonwealth Ionospheric Prediction Service, 
Hobart, Tasmania. 
Aug. 19. 
Reber, G., and Ellis, G. R., J. Geo. Res., 81, 1 (1956). 
Ellis, G. R., J. Atmos. Terr. Phys., 9, 51 (1956). 
Reber, G., J. Geo. Res., 63, 109 (1958). 
• Ellis, G. R., Plan. Space Sci. (in the press). 
° Ellis, G. R., J. Atmos. Terr. Phys., 10, 302 (1957). 
° Duncan, R. A., and Ellis, G. R., Nature, 183, 1618 (1959). 
Dowden, R. L., J. Atmos. Terr. Phys. (in the press). 
Printed in Great Britain by Merritt & Hatcher Ltd., London & High Wycombe 
(Reprinted from Nature. Vol. 187, No. 4738, pp. 677-678, 
August 20, 1960) 
Geomagnetic Noise at 230 kc./s. 
GEOMAGNETIC radio noise Or 'hiss' usually Occurs 
only in the audio region. During severe magnetic 
storms it has been reported up to 30 kc./s. -on a 
sweep frequency analyser' and at 70 and 180 ke./s: 
on fixed tuned channels'. The latter report 2 was 
written after the records had been destroyed in a 
fire. New observations at . up to 230 kc./s. are 
described here. 
Observations were made simultaneously at the 
four frequencies 4, 9, 70 and 230 kc./s. (using two 
dual-beam cathode-ray osci I I ograph s and photo-
graphic recording) over the period mid-September 
to mid-November, 1959. Geomagnetic noise. was 
observed on three occasions only : 2245 u.T., October 
31; 0430 U.T., November 3; and around 0330 U.T., 
November 6. The planetary magnetic index (kp) ranged 
from-4 to 6 at these times. The noise burSt observed 
on November 6 is reproduced in Fig. 1. This shows 
9 and 230 kc./s. only, since the camera recording 4 
and 7,0 kc./s. jammed on this occasion. 
The general appearance of the noise . burst—
relatively gradual rise and decline of intensity (as 
distinct from the sharp 'on' and 'off' of man-made 
interference) and impulsive noise- component superim-
posed on a steady or 'white' noise-level—is typical 
of geomagnetic noise bursts observed at audio-
frequencies. The maximum noise-levels are seen to 
be 0.8 07.111.- i (C./S.)-1 at 9 kc./s. and 16  
(c./s.) - i at 230 kc./s., corresponding to intensities of 
about 10-19 W.rn.-2 (C. IS at 9 kc./s. and 3 x 10- ' 9 
W.m.-2 (c./s.)' at 230 kc./s. The intensities observed 
at 4 and 9 kc./s. at these times were typical of strong 
bursts at these frequencies. The 70 and 230 kc./s. 
intensities were of the same order as previously 
reported2. A striking feature of Fig. 1 is the close 
correspondence of amplitude fluctuations at the two 
frequencies. These appear simultaneous to the limit 
of reading of the time scale (e-, 10 sec.). 
A probable mechanism for generation of this noise 
is Oerenkov radiation from small 'clouds of charged 
particles travelling through the ionosphere and 
exospherei ,M. Radiation is produced at all frequences 
for which the velocity of the particle clouds exceeds 
the group velocity of the radiation (Nrenkov condi-
tion). The close eerrespondence betwees. the two 
1,000 
10 
20 
OS 
	
U.T. 	 04 
Fig. 1 
frequency components observed suggests production 
by the same particle clouds and in the same geomag-
netic tube of force since moving charged particles are 
effectively constrained to a tube of force. 
Accordingly the tube of force ending at Hobart 
(geomagnetic lat. 52° S.) was considered, and the 
group velocities of 9 and 230 kc./s. radiation call 
culated4 as a function of distance along this tube of 
force. Electron density as a function of radia-
distance was obtained from whistler date. The 
assumption was made that the electron density in the 
exosphere is spherically distributed. At 9 kc./s. it 
was found that the group velocity would be every-
where less than O'12 c. from the ionosphere to the 
equatorial plane (total distance 15,000 km.). At 230 
kc./s. only radiation produced below the gyro-level 
is observable on the ground. From the ionosphere 
to the gyro-level (a distance of about 5,000 km.) 
the 230 kc./s. group velocity would be everywhere 
less than 0 -17 c. Consequently, particle clouds 
travelling down this tube of force at 0-2 c. (say) could 
produce Nrenkov radiation at both frequencies. 
Since the travel-time even of 9 Ice./s. radiation 
produced at 15,000 km. would be less than a second, 
bursts of radiation at the two frequencies would 
arrive at the ground simultaneously to our limit of 
reading. 
Estimates of absolute intensities to be expected 
from the erenkov process depend too strongly on 
unknown factors (for example, size and number of 
clouds and cloud density) to be meaningful. But we 
can make an order-of-magnitude estitna,te of the 
C•1 
relative intensities based on reasonable assumptions. 
If these unknown factors were the same for both 
frequencies we would find that the ratio of intensities 
produced at 9 and 230 kc./s. would be proportional 
to the path-length in wave-lengths for which the 
Oerenkov condition holds 3 . This indicates that the 
intensity produced at 230 kc./s. should be nearly ten 
times that at 9 kc./s. However, this ratio will be 
modified by the ear trumpet effect of the converging 
tube, giving enhancement proportional to the tube 
cross-section, which is in turn inversely proportional 
to the field-strength or gyro-frequency. For the tube 
of force under consideration this will enhance the 
ratio in favour of 9 kc./s. by a factor of five. Also 
if the attenuation in regions of high collision frequency 
is taken into account (from Helliwelfs curves 4) we 
find that 230 kc./s. will be attenuated by about eight 
times as many decibels as 9 kc./s. Agreement with 
the ratio of intensities observed at Hobart (3 x 10 3 
or 35 db.) is reached for an assumption of about 5 db. 
for 9 kc./s. and hence about 40 db. for 230 kc./s. 
Consideration of tubes of force ending farther south 
of Hobart require attenuations of 9 kc./s. considerably 
less than this, in keeping with observations of multi-
echo whistler trains. Thus estimates based on this 
mechanism give reasonable agreement with observa-
tions of wide-band noise bursts for frequencies from a 
few kc./s. to a few hundred kc./s. 
It is interesting to note that for this mechanism 
wide-band bursts will only be observed if the electron 
density distribution along a line of force is such that 
the plasma frequency is always greater than the gyro 
frequency for the range of frequencies observed. 
Since the electron density in the equatorial plane is 
obtained from whistler data this gives a lower limit to 
electron density at each point along the line of force. 
My thanks are due to Mr. G. T. Goldstone, who 
built much of the equipment and assisted in the 
observations, and to Mr. P. S. Bowling who provided 
housing for the equipment in the field. 
R. L. DOWDEN 
Commonwealth Ionospheric Prediction Service, 
Hobart, Tasmania. June 10. 
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A theoretical model of electron density distribution along a geomagnetic 
line of force in the exosphere 
R. L. DOWDEN 
Ionospheric Prediction Service, Hobart, Tasmania, and the University of Tasmania 
(Received 17 August 1960) 
Abstract—By consideration of charged particles spiralling in geomagnetic tubes of force, particle densities 
are derived for a source of particles filling the tubes at (i) the equatorial plane or (ii) the earth's surface 
(ionosphere). The first case gives a distribution of roughly constant density for geomagnetic latitudes (A) 
up to 60° and the second to one of density roughly proportional to magnetic field strength for A < 60° and 
R < 1.25 earth's radii. 
1. INTRODUCTION 
OVER the last few years whistler and micropulsation studies have yielded in-
formation about electron densities in the exosphere out to several earth's radii. 
So far this information has not been sufficient to determine whether or not the 
electron density varies with latitude. In studies of propagation of radio and hydro-
magnetic waves along the geomagnetic lines of force and of the generation of v.l.f. 
radio noise, dawn chorus, etc., it is necessary to assume a distribution of electron 
density along the line of force. The assumption usually made is that electron 
density is distributed with spherical symmetry about the centre of the earth. This 
would be logical in the absence of a magnetic field as any local discontinuities 
would tend to diffuse over a sphere. In the presence of a magnetic field, however, 
charged particles are mainly confined to a tube of force so that diffusion would 
take place along the magnetic field lines. 
This paper is an attempt to take this effect into account and derive the dis-
tribution along a line of force on the assumption that the tubes of force are supplied 
with charged particles (electrons, protons, etc.) from near the earth's surface 
(e.g. the upper ionosphere). The particles will move in helical orbits along the line 
of force. Since the cross-section of the tube of force rapidly increases towards the 
equatorial plane and since the pitch of the helices decreases (i.e. opens out) in this 
direction we would expect the density to decrease. Collisions are neglected except 
in the source regions near the earth's surface. Here down-coming particles which 
are "lost" are replaced (assuming equilibrium) by an equal number of up-going 
ones. 
The density distribution of the faster particles which produce v.l.f. radio noise 
and possibly aurora during magnetic storms is also derived on the assumption 
that these particles are injected into the tubes in regions farthest from the earth, 
that is near the equatorial plane. 
Finally the electron density at any point in space is derived on the rough 
assumption that the electron density in the source regions (ionosphere) varies 
with geomagnetic latitude (A) as cos A. 
In all cases symmetry about the geomagnetic axis is assumed. Hence the 
relatively slow drift of charged particles in longitude has been neglected. 
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A theoretical model of electron density distribution along a geomagnetic line of force in the exosphere 
2. THEORY 
The various equations describing the dipole magnetic field, a line of force and a 
tube of force are given (ALFvAN, 1950; CHAPMAN and SUGIURA, 1956): 
R = R o cos2 1 
R, = sec2 
H =riH 
HA = H oA, hence A = AO) 
ds = R 00 cos 1 
where: 
R = radius vector in earth radii polar coordinates 1 = latitude angle 
= geomagnetic latitude at which the line of force cuts the earth's surface 
H = intensity of the earth's magnetic field 
= 4 sec6 1 
= (1 + 3 sin2 1)112 
A = cross section area of tube of force 
8 = distance along line of force 
Subscript "0" denotes values for which 1 = 0 (i.e. in equatorial plane) and subscript 
"A" values for which 1 = A (earth's surface). We note immediately that: 
= Oo 	1 . 
We consider one of the particles spiralling along the line of force determined by A. 
At the point determined by "1", let its pitch angle be v and its speed v. Equations 
governing its motion (GOLD, 1959) are: 
v = v o (constant) 
1//sin2 v = H0fsin2 v o 
Hence sin2 v = sin' vo . 
The velocity of the "guiding centre" of the spiralling particle is: 
ds 
—dt 	
vy = v cos v = v(1 — sin2 	/2 
= v(1 - sin2 vo )1 / 2 . 
The probability of finding this particle at position "1" is proportional to dtldl. 
Now, 
dt 	dt ds = R 0 cos /[v(1 — i sin 2 vo )"2] -i. 
dl 	ds dl 	° 
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If we consider a large number of such particles (1, y o , v) the density (cm-3 ) will be 
given by 
dt n( 0 	-d- IA = K R o 	 . 714. cos 1 (1 —J sine v o ) -1 / 2 A ov 
where K is a constant of proportionality. 
In the equatorial plane: 
K R 0 	 K R, 
no(Vo, v) = 	 (1 	sin2 vo )-112 = 	 A ov A ov cos v o • 
Hence 
n(p 0) = n 0(v0 )ck cos 1 cos v 0 (1 	si n 2 v0 )412 . 	 (1) 
We first consider the simpler case of a source of particles in the equatorial 
plane. If the source is isotropic (no preferred particle direction) simple geometrical 
considerations show that the distribution of pitch angles will be given by 
dN o(y o ) = No sin v o (2) 
where the expression on the left hand side represents the density (at 1 = 0) of 
particles having pitch angles in the range v o and v o dvo. Substituting this for 
n 0(p 0 ) in ( 1 ): 
dN(po) = N ono cos 1 sin v o cos v o (l — sine V0)-112 dvo. 
The total density at point 1, A is given by integration over all allowable values of 
v o from vo = 0, to v o = its maximum value ‘17 0 given by n sine ilr o = 1. Particles 
which had pitch 11fr 0 will have pitch v = 7r/2 at this point (magnetic mirror point). 
Particles of greater pitch will have been removed by magnetic reflection before 
reaching this point. 
Hence 
.1 1'0 N = N ov0 i cos 1 	sin v o cos v o (1 — n si n2 vo )-1/2 dvo. 
o 
Putting x2 = 1 — sine y o , 
N = N 0  cos 1-1 dx = N cosi. 
	
n 
	 (3) 
The expression 0 cos 1 is unity at 1 = 0 and at sine 1 = 2/3 (1 ,---, 55°). It has 
its maximum value (1.15) for sine 1 = 1/3 (1 351-°). Simple computation shows 
it to be within 15 per cent of unity for 1 < 60 0 . 
Hence this distribution which probably applies to the case of solar particles 
injected into the tube of force during magnetic storms gives a practically constant 
density along a line of force for all lines (A) up to A = 60°. 
The thermal particles which make up the background medium are probably 
supplied where ionization is taking place, i.e. in the ionosphere. Accordingly we 
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consider an isotropic source at 1 = 2. The distribution of pitch angles is given [as 
in (2)] by 
dNA (vA ) = NA sin v2 dv2 . 	 (4) 
We relabel these same particles by the pitch angles (v o) they would have on 
reaching the equatorial plane, where 
sin2 v2 = 	sin2 vo . 	 ( 5 ) 
Differentiating: 
2 sin v, cos 1P2 dpA = 2n2 sin vo cos vo 
Hence 	 sin v2 dv, = ?IA sin vo cos vo 	 dVo cos v2 
= n, sin vo cos v o(1 — 7/ 2 5in2  Vo)1/2 dtpo. 
Relabelling (4) and substituting: 
dN2(v 0) = N2n2 sin vo cos v 0(1 — A  sin2  V0)-1/2 dvo. 
From (1) we have: 
(1 — 	sin2 v o )1 / 2 
no(Vo) = %(L'O) 0An2 cos vo cos A 
Replacing n 0(r0 ) by dN o(v o ) and nA(o)  by dN2 (v o ) as given in (6): 
NA sin v 0 dN o (tp o ) = 	 
OA cos 
Integrating from vo = 0 to vo = To where sin2 W 0 = 17272 [hence cos T o = (1 
N0 = NA 	/ To sin 
OA cos A Jo v o dvo 
NA r 
OA cos A L — (1 	1 ) 1/2] ?IA 
= NA 
9A COSA k YJA) 
Hence 	 dNo(vo) — 
 No
sin vo 
(1.) 
7/A 
We can now find N at any point "1" as in the previous argument by replacing the 
pitch distribution given in (2) by that in (8) except that the upper limit is now 
given by sin2 = 
That is 
N o  cos 1 [(1 — 	sin2 V0) 1/2 1 1, ,0 
1 = N o cos / (Y) 
nA 	?IA 
1/2 
where 	= 1 — (1 — —) and use has been made of (5). 
?IA 
(9) 
( 6 ) 
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An approximation can be obtained by noting 
+ P2 . 
Hence for TIA 1 and TA 
N = N 0  cos 1. 	 (10) 
This approximation is good to within about 10 per cent provided 972 /77 > 2i or 
sec82/sec8/ > 2 or R > 1-25. 
The distributions derived have been expressed in terms of N o since this quantity 
(as a function of R o or )) is the one most readily found from whistler and pulsation 
studies. However, the N 0(A) distribution is derivable if we assume a distribution 
for NA, the electron density in the upper ionosphere. 
Suppose 
NA NE cos it 
Substituting in ( 7 ) 
NE 
	fort >25 ° 
25607,1 
Or in terms of /? 0(R 0 > 1-25): 
N 	
NE 
2R0 3(4 — 3/R0 ) 
3. DISCUSSION 
3.1. Assumptions 
The theory is valid provided (i) that the geomagnetic field is approximately 
dipole, (ii) that collisions and (iii) gravitational forces can be neglected, and (iv) 
that the electrons (and protons) are supplied mainly from near the earth's surface. 
We will consider each of these assumptions separately. 
3.1.1. Dipole field. Recent data from the space probe Pioneer V (COLEMAN et 
al., 1960) indicates that the field extends out to about 14 earth's radii. VESTINE 
and SIBLEY (1959) find that the field lines connecting the auroral zones (R 0 6) 
are not seriously distorted by solar streams, even during auroral displays. This 
indicates the dipole field is valid out to about 10 radii. 
3.1.2. Collisions. As pointed out in the Introduction, collisions in the regions 
of highest collision frequency, the source regions, are effectively taken into account 
by the theory. In an exosphere of protons and electrons only collisions of electrons 
with protons are important since elastic collisions between like particles involve 
only velocity exchange and the much heavier protons are not greatly effected by 
collisions with electrons. Assuming a temperature of about 10,000°K in the source 
regions, the thermal velocity of an electron would be around 10 8 cm/sec. The time 
taken for one trip along the line of force A = 70° (say) would be about 100 sec. 
The effective average density /V (Ns = f Nds) along this line is about 80 cm-3 so 
that at this temperature the effective average collision frequency will be about 
2 x 10-4 sec -1 . Thus the probability of an electron suffering a collision during a 
single trip would be about 1 in 50. Collisions would involve pitch changes and so 
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change the theoretical pitch distribution slightly. In the equilibrium condition 
this effect could be allowed for by a weak source in the equatorial plane giving rise 
to a small and essentially constant additive term (equation 3). 
3.1.3. Gravitational forces. These can be neglected if the maximum gravitational 
potential energy is much less than the kinetic energy of the particles. This condition 
is met for temperatures in the source regions of ,2°K for electrons and ,4000°K 
for protons. CHAPMAN (1959) suggests that the temperature of the exosphere 
— 
— 	 . — . 
_ 
Alltock 
—(whist _ 
= 
ers) 
Dungey's distribution 
i 
. . te / 
Oboyashi 
(pulsations) 
2 	 4 	5 	 7 
DISTANCE IN EARTH RADI I 
Fig. 1. Electron density along a radius in the equatorial plane. 
ranges from 30,000°K at heights around 1000 km to about 200,000°K where the 
exosphere merges into interplanetary space. Thus it is likely that the condition 
is met for both electrons and protons. 
3.1.4. Source points. JOHNSON (1959) has shown that the electrons etc. making 
up the exosphere must be of telluric (terrestrial) rather than solar origin. Hence 
the source will be the ionosphere where appreciable ionization is taking place. 
The theory developed above strictly requires that the "surface of the earth".be 
the ionosphere and so the "radius of the earth" be the radius of the ionosphere. 
This will effect slightly the units of R and R o and the definition of A. 
3.2. Computed distributions 
The electron density in the equatorial plane (N o) as a function of radial distance 
(R0 ) was computed from (11) for NE = 2 x 10 5 cm-3. This value of NE, the 
average electron density of the source region above the equator, is consistent with 
experimental measurements of the noon maximum density of the ionosphere 
(Nnia.) at the equator (CRoom et al., 1960) of ,20 x 10 5 cm-3 and values N/N.a. 
at ,800 km (presumably the source region) found by satellite experiments 
(GARRIOTT, 1960). This is shown in Fig. 1 together with DUNGEY'S (1954) theoretical 
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distribution N cc exp (2.5/R) scaled to give agreement at 2 earth's radii and the 
experimental distribution of ALLcocK (1959) from whistler studies for the range 
1.2-3 earth's radii, and by °HAYASHI (1958) from pulsation studies for the range 
4-7 earth's radii. When compared with the experimental curve we find a dis-
crepancy which is small for R, < 2, nearly a factor of ten for R, 7, but decreasing 
at greater distances [using °HAYASHI'S extrapolation N = exp (17.5/R 0 )]. 
_ 
_ 
_ 
/ 
— 
— 
_ 
_ 
. 
' A-40° , 
. 
/ 
1 
A•60° 
= 
_ _ 
_ 
• 
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. . 
= 
_ _ _ 
_ 
_ (9) 
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Fig. 2. Electron density along a line of force. 
The distributions along lines of force A = 40 0  and A = 60° were computed from 
(9) using values of N, of 10,000 cm -3 and 100 cm -3 respectively taken from the 
whistler-pulsation experimental curve. These are shown in Fig. 2 together with 
distributions computed from the experimental curve on the assumption that the 
electron density is distributed with spherical symmetry about the earth. The 
dashed portions of the curves correspond to extrapolations into regions within 
1000 km. The fact that the discrepancies between the two types of distribution 
change sign between A = 40° and A = 60° suggest that the spherical symmetry 
distribution may be a reasonable approximation for longitudinal propagation 
studies within this range of A. However, for A < 60°, ck cos 1 ,se, 1 and so provided 
also R > 1-25, we have from (10) N ?IN ° or N cc H. Hence in this region the 
"whistler" mode (longitudinal extraordinary mode at frequencies much less than 
the gyro frequency) refractive index, being proportional to NIH, is approximately 
constant. 
Values of electron density (N) were computed for a large number of points 
(A,1) for lines up to A = 80° from values of N, taken from the experimental N 0(R0 ) 
whistler-pulsation curve. For A > 65° values of effective N, were obtained by 
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extrapolation. For the longer lines of force (A > 70) it was assumed that the theory 
would remain a reasonable approximation for R < 10 even though the line of 
force equations may not hold for R> 10. Contours of electron density or isopycs 
are shown in a plane containing the geomagnetic axis in Fig. 3. The line of force 
A= 70° is shown for reference. Presumably the contours close over the axis poles. 
This suggests considerable extensions of electron density in the direction of the axis. 
Fig. 3. Contours of electron density (isopycs) in a plane containing the geomagnetic axis. 
4. CoNcLusioNs 
The distribution of electron (and proton) density along a line of force has been 
derived (equation 9). At latitudes less than 60° and heights greater than about 
2000 km (R> 1.25) the electron density is approximately proportional to the 
magnetic field strength (N/N o = H/H o ). The density distribution of "aurora" 
or "Magnetic storm" particles has also been derived (equation 3). The latter 
expression approximates to N =N o for latitudes less than about 60°. The electron 
density distribution in polar coordinates has been derived graphically (Fig. 3). 
At low latitudes the distribution is approximately spherically symmetrical, but at 
high latitudes departures from this are great, tending towards constancy along 
radii. This suggests considerable extensions of electron density above the geo-
magnetic poles. 
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NOTE ADDED IN PROOF 
IT HAS siNcE been pointed out to the writer by Dr. J. H. PIDDINGTON and Dr. F. S. JOHNSON 
that satellite orbit data give temperatures of 1000-1500°K at heights around 400-700 km 
(HARRIS and JASTROW, 1959) so that the assumption of 10,000°K in the source regions is around 
seven or eight times too high. If these low temperatures applied throughout the exosphere, 
collision frequencies would be some twenty times greater. The electron density distribution will 
be largely controlled by the distribution of the much heavier protons which may not be seriously 
affected by electron collisions, but at these low temperatures thermal protons would have 
insufficient energy to neglect gravitional and geocentrifugal effects. This difficulty might be 
resolved by placing the source regions at a much greater height where the effective gravitional 
potential energy is lower and where the temperature may be much higher. The same equations 
derived above will describe this case provided quantities are redefined as discussed in Section 
3.1.4. 
On the other hand the writer has also been informed since (by Professor R. A. HELLIWELL) 
of a distribution of electron density out to 5 earth radii obtained from nose whistler measurements 
(SMITH, 1960). This distribution was found to fit a "gyrofrequency" model: N = KfASA-1 , 
where K is constant. Our distribution can be put in this form from (10) and (11) where 
	
NE95 cos 	NE 
K — 	 
2 ( f 11)1 	2 ( fH)). 
For R, > 1.25 and l and < 60°, K is "constant" to within about 50 per cent. The two distribu-
tions can be closely matched throughout this region if the value of NE suggested in Section 3.2 
is reduced by a factor of about three. 
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NOTE ADDED TO REPRINT 
R. L. Dowden 
Ionospheric Prediction Service, Hobart, Tasmania 
The shape of the isopycs (Fig. 3) is drastically dependent on the 
No (Ro) model used. Since (11) agrees very well with Smith's data for 
N E = 6 x 10 4 cm-3 these curves have been redrawn on the following basis: 
N E 	?I cos 1 	from (10) and (11) 
2 	7/ A OA 
N E 	cb 2 COS 1 
const. for each curve 
2 R 3 	4 --a cos 2 1 
	
This is shown in Fig. 4. 	Horns of Fig. 3 near A = 70 ° are now removed. 
Since N A is not really zero at the poles, the polar dip (1>700 , say) of Fig. 4 
will also be affected. "H" is a curve of constant gyro frequency. 
Fig. 4 
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Theory of Generation of Exospheric 
Very-Low-Frequency Noise (Hiss) 
R. L. DOWDEN 
Ionospheric Prediction Service and University of Tasmania 
Hobart, Tasmania, Australia 
Abstract. The traveling wave tube amplification process proposed by Gallet and Helliwell 
is considered in greater detail. Account is taken of the spiral motion of particles traveling in 
the magnetic field, the interaction distance for which amplification at any one frequency can 
occur, and the slowing down of the stream particles by the wave amplification process. It is 
shown that narrow band bursts of hiss can be generated by weak electron streams of even very 
broad velocity and pitch distribution. The center frequency of such a band is characteristic of 
the terminating latitude of the line of force of generation. Stronger streams produce an over-
load effect giving rise to wide and very wide bands. Narrow bands can be produced at other 
frequencies by streams of narrow velocity and pitch distribution. 
Introduction. The phenomenon treated here 
is that continuous type of exospheric emission 
variously called VLF noise, exospheric noise, geo-
magnetic noise, and hiss. It usually appears as 
band-limited white noise in the frequency range 
of about 1 to 10 kc/s. Hiss occurs in a broad 
band or in one or more narrow bands. The nar-
row bands usually have bandwidths of around 
1 kc/s, though narrower bands occur [Helliwell 
and Carpenter, 1961]. Hiss occurs in bursts of 
two main types [Ellis, 1959]. The most common 
type, 'isolated burst,' is typical of magnetically 
quiet conditions. These bursts are narrow band, 
usually 1-2 kc/s, centered at about 4 kc/s. 
Though detectable at relatively low latitudes the 
vast majority of these have been shown to oc-
cur at geomagnetic latitudes greater than 50° 
[Ellis, 1960]. The center frequency, bandwidth, 
and intensity of the hiss remain remarkably con-
stant over the duration of these bursts, which 
is generally about an hour. The second type oc-
curs as an extended series of hiss bursts or 'noise 
storms.' In contrast, these show considerable in-
tensity and bandwidth variations. All major 
magnetic storms are accompanied by noise 
storms [Ellis, 1959]. Generally, the bandwidth 
increases with magnetic activity. During severe 
disturbances very wide band bursts covering the 
range from about 100 c/s to over 200 kc/s can 
occur [Dowden, 1962a]. 
• Hiss shows a strong correlation with airglow 
[Duncan and Ellis, 1959] and aurora [Martin, 
Helliwell, and Marks, 1960]. Rocket and satel-
lite observations have shown that streams of 
electrons produce aurora [McIlwain, 1960] and 
airglow [O'Brien, Van Allen, Roach, and Gart-
lein, 1960]. It seems likely that these streams 
also produce hiss, though experiments to test this 
have yet to be reported. 
Several mechanisms have been suggested [El-
lis, 1957, 1959; Allcock, 1957; MacArthur, 1959; 
Gallet and Helliwell, 1959] capable of producing 
noise in this frequency range. However, none of 
these attempts to account for all the features 
outlined above. The most promising approach 
is the selective amplification process analogous 
to the traveling wave tube (TWT) proposed by 
Gallet and Helliwell. In this an electron stream 
provides amplification at frequencies for which 
the phase velocity of the amplified wave is equal 
to velocity of the stream. Both electrons and 
wave were assumed to travel exactly along the 
direction of the magnetic field. 
Gallet's TWT process can be generalized by 
removing the restriction that the electrons travel 
exactly down the field line. In general, the elec-
trons will spiral down the field lines. The pitch 
of the spiral at any position along the field line 
is determined by the principle of invariance of 
magnetic moment. For the low-energy particles 
required for this process (at most, a few key) 
the radii of gyration will be much smaller than 
the extent of the wave front. Thus it is the 
component of particle velocity down the field 
2223 
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line or 'guiding center' velocity that must be 
equated to the longitudinal component of the 
wave phase velocity. 
The analogy of this process with the traveling 
wave tube is perhaps closer than envisaged by 
Gallet and Helliwell. Since their work was pub-
lished, it has been established by several people 
that field-aligned columns of ionization can oc-
cur in the exosphere [Smith, 1960], and these 
produce a strong wave guide action in the very-
low-frequency range [Smith, Helliwell, and Yab-
roj , 1960]. A longitudinal magnetic field is often 
introduced into traveling wave tubes to focus 
the electron beams, and it is the guiding center 
velocity of the electrons that determines the 
amplification. As for the laboratory TWT, a 
(signal) longitudinal electric field is required for 
interaction with the stream. As was pointed out 
by Gallet and Helliwell, a substantial longitudi-
nal component of electric field will exist in the 
exospheric TWT. It is the phase velocity of this 
component that is important, but for simplicity 
we will assume that this is c/n, where n is the 
refractive index of the medium for strict longi-
tudinal propagation in the extraordinary mode 
,below the gyrofrequency (whistler mode). Thus 
for guiding-center velocity /3dc the condition for 
amplification is 
= 1 
In addition to this, we assume that, as for the 
laboratory TWT, the amplification in decibels 
or nepers is proportional to the distance in 
wavelengths along the field line for which am-
plification is possible at any one frequency. In 
the treatment given below the physical processes 
of amplification are not considered further. 
Many of the writers referred to above de-
scribed mechanisms for the production of chorus 
type phenomena rather than hiss. These discrete 
VLF emissions differ from the phenomenon 
considered here in ways other than their dis-
creteness [Helliwell and Carpenter, 1961]. A. 
mechanism for the production of these discrete 
emissions, very different from that considered 
here, is described by the writer elsewhere [Dow-
den, 1962b]. 
Amplified Frequencies. From the condition 
= 1 
and the refractive index for whistler-mode propa-
gation 
7,2 = + p2/0 _ 
where 
p is the plasma frequency, 
h is the gyrofrequency, 
f is the amplified frequency, and 
n is the refractive index. 
This is essentially the expression derived by 
Gallet and Helliwell [1959]. If a model of the 
exosphere is assumed, this expression can be put 
in a form in which, for a given line of force, the 
latitude angle coordinate is the only variable. 
To do this we assume that, at least along the 
lines of force considered here, the magnetic field 
is a dipole and the electron density varies in a 
way previously derived [Dowden, 1961]. Thus 
Ii = nho 
P2 = po2 nO cos / for R > 1.25 
13d 2 	02( 1 	n sins 4,0) 
where 
n = 4i sec° 1, 
= (1 	3 sins 0112 , 
1 is the latitude angle coordinate, 
R is the radius vector in earth radii, 
IP is the pitch angle, and 
subscript 0 refers to values in the equatorial 
plane. 
We assume here that the energy loss of any 
particle through amplification of the wave will 
be sufficiently small to regard the particle speed 
i3c as constant. The effects of appreciable energy 
loss will be considered in a later section. Sub-
stituting these expressions, we find 
= nho 
2 
	
A 42, 	2 	 i1/21 
± [1 	.1" 	P2° COSI 1(1 	n sin' ho 
( 1) 
It will be seen later that the frequency given 
by the minus sign is the more interesting. This 
n2 » 1 
We find by solving for f 
,n 	2 1/2 
f = —2 [1 ± (1 	'1.'d 	2P ) h2 
• 
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can be put in a form containing relatively slowly 
varying functions, which is more suitable for 
computation. We define 
a = 0,22302/h02 
x = a cos7 1(1 — sin2 00) 
= (2/x)[1 — (1 	x)1/2] 
Then 
f - = (00/2)[1 — (1 — x) 1/2 ] 
= 	cf, cos 1(1 — n sin2 tpo) 
1,32,n02 
he (2) 
Frequencies as a function of the latitude angle / 
have been computed for particles of various 
speeds and pitch angles traveling along the line 
of force that terminates at geomagnetic latitude 
500 . A smooth join to an ionosphere similar to 
that used by Gallet and Helliwell [1959] has been 
made at a height of 2000 km above the surface 
of the earth. The results of this are shown in 
Figure 1. Except for the effect of the ionosphere, 
the shape of these curves would be very similar 
for lines of force terminating at other latitudes. 
Only a change in frequency scale is required. 
The important parameter affecting the shape is a. 
It is seen that in many cases the amplified 
frequency is fairly constant over great distances. 
This follows from (2), for (f) cos 1 stays within 15 
per cent of unity for / < 60°, 7 rapidly ap-
proaches unity for small values of x, and the 
term containing the pitch angle is fairly constant 
except near the mirror points. Of even greater 
interest are those regions for which variation of 
these terms nearly cancels out, producing very 
nearly constant frequencies over great distances. 
At these frequencies amplification will be great. 
We will consider this in greater detail. 
Interaction distance. For appreciable inter-
action at any one frequency we require not only 
that the wave phase and particle guiding center 
velocities be equal, but also that this condition 
should hold effectively over some appreciable 
distance s. 
Suppose that initially (s -= 0) the condition 
= 1 holds exactly at some frequency, but 
further on, owing to changes in the guiding-
center velocity of the medium, the particle stream 
slowly overtakes the wave. The stream (guiding-
center) velocity relative to the wave is thus 
Av = (fl/3d — 1) 
fl  
In time dt 
d(As) = Av • dt 	ds = c/n- dt 
.*. d(As) = (fl/3d — 1) ds 
Now 
(fl/3d — 	= 	(ni3d)' • ds 
where 
a 
(ni3 d)' = —a s (ni3 a) r const. 
Hence 
As == 	jr . 
0 	
0 (nOd) ' • dS • dS 
In the region of interest, that is, on one of the 
curves defined by (1), the condition O a = 1 
holds at all points, changes in the medium or 
stream velocity being exactly balanced by 
changes in frequency f. 
Thus 
—ds (ni3d) = 0 
Hence 
a, 	 a — knpdh. COW . = 	oarhing as as 
Now 
fl/3d = Od[i(h — f)]-1/2 for 02 << 
1(n2 >> 1) 
a 
(fl/3d)!or as 	' 
-100a[i(h — f)] -1/2 ' (hIst — 2f.) 
f(h — f) 
Hence 
a 	h — 2f di 
as °I'd) ""' • 	2f • h — f • ds 
since nf3d = 1. Since As must be small (at least 
< X/2) throughout the interaction distance s, 
then s is given by the integration limits 
> As = 	(n0d)' • ds• ds 
= fo' 	(f1 hh 2ff ddsf) ds. ds 	
(3) 
where X is the wavelength. 
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Fig. 1. Frequencies amplified by streams travel-
ing along the field line that terminates at geo- 
magnetic latitude 50 0. These are plotted against 	300 
the latitude coordinate angle 1. The frequencies 
given by the negative sign in (1) are shown by the 
solid curves for several initial pitch angles th. 
Those for the positive sign are shown by broken 
curves. (a) Stream of 0.25 key electrons. The shape 	100 
of these curves is typical of a << 1. The upper 
frequency (f+) approximates the gyrofrequency at 
all points and is thus well above the frequency 
scale shown here. (b) 2.5 key electrons. This is 
typical of the 'resonance' condition for small pitch 
angles: a 	0.6. (c) 5 key electrons. This is typical 	30 
of a > 1. The 'noses' where the two branches meet 
occur at half the gyrofrequency. 
30° 
(c) 
40° 10° 
	
20° 
	
30° 
Fig. 2. Calculation of s/A. Equation 6 is plotted 
for three values of a near 0.6 for 11,0 = 0, and for 
a <<1 for kGo = 20°. 
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This shows that amplification will not be 
appreciable at the frequency given by the plus 
sign (f+) in (1) for two reasons; first, because 
df/ds is usually large (Fig. 1) and, second, 
because (h — f) is generally quite small. At the 
points where the two curves join (Fig. 1c) 
h — 2f is zero, but also df/ds is infinite. 
• 
	
	Consequently, the high-frequency branch will 
not be considered further. 
Thus, considering only the low-frequency 
branch, we differentiate (1) with respect to 1 
and make the 7 substitution 
(-11- = tan / 6 + 3 	cos2 1 f d/ 
7 + n(
2 
— 1) •sin2 3 cos 	  
( 1 — n sin2 ‘Go)(2 — 
From the line of force equations for a dipole field 
ds 
= RA cos 1 
The resulting expression containing s can be 
simplified by noting that cb cos 1 for 1 <° 60° 
and, in the region of interest (high amplificatiim) 
the term 
(h — 2f)/(h — 
is also close to unity. Thus from (3), (4), and 
(5) we have 
2 As 	t. L dl dl 
Ro 	ft. 	t. 
s/Ro 	l — 11 
We assume that, as in the TWT process, the 
amplification (in decibels or nepers) is propor-
tional to the interaction distance measured in 
wavelengths, 8/X. In those cases for which s is 
sufficiently small, the integration range 1 2 — 11 
is also small, so that over this range the integral 
L in (6) will be approximately constant. Thus 
2 As 	L.(/2  — 	= Ro Ro 
in the limiting case (As = X/2). 
Then, since 
x = = Oda 
nf 	f 
(s_) 2 	2f . Roci) cos / 
X 	fidc 	L 
However, in the more interesting cases where 
a is large, (6) must be integrated. Curves giving 
2s/R 0 as a function of 1 are shown in Figure 2 
for some of the cases which give relatively large 
values of s. For a given curve the value s/X is 
found by selecting a range of 1 that has a range 
of 2.6,s/R o equal to X/Ro. This range of 1 is then 
8/H o , as is shown in Figure 2. It is seen that for 
very small pitch angles the highest values of 
s/X are found for a 0.6. For larger pitch 
angles these are found at lower values of a. 
No particles of pitch angle ;Go much greater than 
20° have large s/X values. 
The parameter s/X as a function of frequency 
for particles of very small pitch angle traveling 
along the line of force terminating at geo-
magnetic latitude 60° is shown in Figure 3. 
Particles of greater pitch angle will have a 8/X 
curve showing a smaller and broader maximum 
occurring at lower frequencies. For other lines 
of force the essential change in the s/X curve is 
the frequency scale, the maximum occurring 
(from equation 2) at 
f 	ah0/4 	0.15h0  
This relation is also shown in Figure 3. 
The theory derived so far shows that, if a 
particle stream is confined to a narrow tube of 
force and if this stream is 'weak' so that very 
high amplification is required, a narrow band of 
noise (hiss) can be produced even though the 
stream contains a wide spectrum of particle 
velocities and pitch angles. This occurs because 
only a very narrow range of particle velocities 
and pitches can give the necessary amplification. 
— L (4) 
(5) 
(6) 
(7) 
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3 	1 	3 	10 
FREQUENCY (kc/s) 
Fig. 3. Interaction parameter s/X for stream 
particles of small pitch guided along the field line 
terminating at geomagnetic latitude 60 0. At other 
latitudes frequencies will scale so that maximum 
s/X occurs at the frequency given by the dashed 
curve. 
Thus we have explained the observed occurrence 
of narrow band, 'quiet,' isolated bursts. The 
theory further predicts that the frequency at 
which these bursts occur is a function of the 
terminating latitude of the line of force. There is 
not sufficient experimental evidence as yet to 
prove this one way or the other: some observa-
tions indicate that lower frequencies occur at 
higher latitudes as has been predicted by 
Gustafsson, Egeland, and Aarons [1960]; others 
[Outsu and Iwai, 1961] seem to indicate the 
reverse. 
Energy loss. As for the laboratory TWT, we 
expect the amplification (in nepers) to be 
proportional to s/X. Thus the amplified power is 
	
P = b exp (as/X) 	(8) 
where b and a are constants. The constant b is 
thus the. power before amplification, or at least 
that generated at the beginning of the amplifica-
tion process. The constant a controls the rate of 
amplification. This must be some function of 
the properties of the stream. 
If b (in Wm-2 c/s -1) is not a strong function 
of frequency, then, from (8), the s/X curve in 
Figure 3 has the shape of a logarithmic plot of 
generated noise intensity with frequency. How-
ever, from (2) the noise power in any given small 
band of frequency is produced by particles of a 
corresponding small range of velocities and  
pitches. Clearly, the noise power produced in 
this band cannot exceed the kinetic power (K) 
of the corresponding particles. Thus 
P < K 
This 'overload' condition is probably more 
restrictive than this, so we write it as 
P P„, = AK 	(9) 
where A is a factor as yet undetermined. Thus 
in general there will be an overload plateau 
region of relatively constant intensity, provided, 
of course, that neither A nor K is a strong 
function of frequency. This will be reached for a 
given value of a when the intensity given by (8) 
reaches that given by (9). Then for all values of 
s/X as given in Figure 3 greater than the critical 
value (from equations 8 and 9) 
(0).1 = 1/a log. (AK/b) 	(10) 
the intensity will be given by (9). 
Consequently 'weak' streams for which the 
rate of amplification (a) is small will produce 
narrow band hiss, and 'strong' streams (large a) 
will produce wide or very wide band hiss. The 
peak intensity for all will be given by (9), so 
that unless A or K is a strong function of a, 
the main effect of varying degrees of amplifica-
tion rate should appear in the bandwidth rather 
than in intensity. If a is related to magnetic 
activity, then this explains why the peak in-
tensity of hiss bursts occurring during mag-
netically quiet periods is of the same order as 
that during disturbed conditions, but in general 
the bandwidth increases with magnetic activity 
from around 1 kc/s for 'isolated bursts' [Ellis, 
1959] to over 100 kc/s during severe disturbances 
[Dowden, 1962a]. 
It is difficult to make quantitative estimates, 
since little is known of the relevant quantities. 
We can get some idea of the amplification 
required in the following way. The observed 
peak intensities of hiss after allowing for propa-
gation losses [Dowden, 1962a] are of the order of 
AK = 10- 1 0 Wm-2 (c/s) -1 . If the amplification 
is large we require only a very crude idea of the 
initial noise intensity b. For Cerenkov emission 
[Ellis, 1957] this would be of the order of b = 10 -19 
Wm- 2 (0) -1. Then from (8) it is seen that 
about 20 nepers of amplification would be 
required. From (10) and Figure 3, a 2 X 10 -3 
would be required for a narrow band burst of 
4.1 
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hiss and a = 2 X 10 -2 for a wide band burst. 
Although this amplification is very high com-
pared with laboratory TWT practice, the values 
of amplification rate a required here are very 
conservative. 
We also need to see if the kinetic energy of 
electron streams is adequate to explain the 
observed hiss intensities, that is, if the required 
values of A in (9) are reasonable. Rocket meas-
urements [Meitwain, 1960] have been made in 
an electron stream that produced a quiescent 
auroral glow and so might be taken as typical. 
Within the range of measurement (3 to 30 key) 
the stream kinetic energy flux in watts per 
square meter per unit energy interval (key) was 
found to fit the expression 
K = 5 X 103E exp (—E/5) 	(11) 
E in key. At around 2 kc/s, from (2), amplifi-
cation will be produced by 0.5 key electrons, 
and an energy interval of 1 ev will correspond 
to a frequency interval of about 4 c/s. So 
assuming that the above expression (11) is valid 
down to 0.5 key, the stream kinetic 'intensity' is 
K •--• 6 X 10 -7 Wm-2 (c/s) -1 
From (9) and the observed intensity quoted 
above, A 10-4 . Even if this extrapolation of 
(11) is a very crude approximation, it seems 
that there will be sufficient energy, that is, A < 1. 
For the laboratory TWT the efficiency is around 
10 per cent; that is, A 0.1. However, we 
would expect much lower values for the exo-
sphere because, within the much longer iteration 
distances of several thousand wavelengths 
required, a relatively small loss of kinetic energy 
would destroy synchronism. 
Discussion. The theory explains the main 
characteristic of hiss: that it appears as band-
limited white noise. The expression (9) suggests 
that within this band the intensity will be 
relatively uniform but outside the band the 
intensity (8) drops exponentially. Bandwidths 
from very narrow to very wide are possible 
without requiring special velocity and pitch 
distributions of the stream particles. The band-
width of the noise increases with the 'strength' 
of the stream, which seems in agreement with 
the observation that bandwidth increases with 
magnetic activity. Very strong streams requiring 
only short distances of interaction to reach over-
load power could produce noise at all the fre- 
quencies in Figure 1 simultaneously and so 
produce the very wide band bursts. Short streams 
some 1000 km long in the direction of the field. 
having high values of a and a narrow spectrum 
of velocities, would amplify the frequencies 
along one of the curves in Figure 1 in sequence. 
These could produce the 'quasi-constant tones' 
and the TWT 'hooks' as proposed by Gallet and 
Helliwell [1959]. 
We would expect 'isolated bursts' to be 
produced by weak streams. If these generally 
occur in geomagnetic latitudes from about 50° 
to 65° then the corresponding center frequencies 
(broken curve in Figure 3) should range from 
about 1 to 10 kc/s. Thus 4-kc/s bursts should 
occur at around 55° to 60°. The experimental 
evidence so far obtained seems to allow this, 
though there is not sufficient data to provide a 
test. 
On the other hand, narrow band noise not 
conforming to this frequency-latitude relation 
could be produced by streams of narrow energy 
(velocity) and pitch distributions. Malwain 
[1960] found that a stream which produced a 
strong visible aurora consisted of practically 
monoenergetic electrons. A stream having more 
than one such energy distribution could produce 
more than one narrow band of noise. Multiple 
narrow bands could also be produced by weak 
streams of uniform velocity distribution if 
several occurred in slightly different latitudes 
simultaneously. Thus, as seen from Figure 3 
(broken curve), center frequencies differing by a 
factor of 2 can be produced by streams less than 
5° of latitude ( ,---,500 km) apart. In the same 
way the finite width of streams would set a 
limit to the narrowness of the amplified band. 
However, satellite measurements at a height of 
a few hundred kilometers [O'Brien, Van Allen, 
Roach, and Gartlein, 1960] show that some 
streams are as narrow as 25 km (traversed by 
the satellite in 3 sec). 
It may appear to the reader that this theory 
rests on the assumption that detailed expressions 
can be extracted from a theoretical model which 
might not be truly representative of the real 
exosphere. However, provided the electron 
density along the field line varies smoothly in a 
manner not greatly different from the model used, 
the essential qualitative results of this theory 
should still hold. Similarly the qualitative 
results may not be greatly affected should 
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subsequent study of the exospheric TWT 
mechanism require some modification to the 
amplification condition Oa = 1. 
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Doppler-Shifted Cyclotron Radiation from Electrons: 
A Theory of Very Low Frequency Emissions from the Exosphere 
R. L. DOWDEN 
Ionospheric Prediction Service and University of Tasmania 
Hobart, Tasmania, Australia 
Abstract. Cyclotron radiation from electrons in the exosphere spiraling along a line of 
force away from the observer will appear at a frequency less than the local gyrofrequency. An 
electron traveling from the observer's hemisphere to the opposite hemisphere will radiate a 
decreasing frequency until it crosses the equator, and thence an increasing frequency. Propaga-
tion conditions and various particle speeds give frequency-time spectra similar to those 
observed. A method of scaling electron speeds and the field lines in which they occur from 
observed data is described. Tests of the theory are discussed. 
Introduction. Very low frequency emissions 
occur in the audiofrequency region and show 
association with magnetic disturbance. It is 
generally thought that they are generated in the 
exosphere or upper ionosphere by fast charged 
particles. Two main types occur: 'hiss,' a con-
tinuous white noise that can occur in broad or 
narrow bands; and 'chorus,' which is made up 
of rising and falling tones or whistles. Only the 
chorus type is considered here. This phenomenon 
sometimes occurs as quite separate discrete 
whistles showing definite and repeatable forms 
on frequency-time spectrographs. These have 
been described by many workers as 'falling 
tones,' hooks,"risers,' and 'pseudo noses.' 
Examples of these are shown in Figure 1 (after 
Helliwell and Carpenter [1961]). 
The first theory explaining the frequency-time 
shape of some of these was given by Gallet and 
Helliwell [1959]. They suggested that, when the 
particle speed i3dc was equal to the wave velocity 
c/n at some frequency, energy from the particle 
would be fed to the wave in a process analogous 
to that of the traveling wave tube (TWT). 
Thus from the condition 
ngd = 1 
and the refractive index 
n2 = 1 	p2/[f(h — f)] 
n2 >> 1 
they found 
Ap2\ 1/21 
f = -1-;[1 ± ( 	
2 
1 h2 )  
where h is the gyrofrequency, p is the plasma 
frequency, and Oric is the component of particle 
velocity along the magnetic field line. (This is a 
more general form. They considered particles 
traveling exactly along the field line.) 
This was applied to 'hooks' having a slowly 
descending frequency followed by a rapid rise. 
On this theory the first part would be produced 
in the exosphere and the rapid rise in the upper 
ionosphere. 
MacArthur [1959] considered Doppler-shifted 
cyclotron radiation from protons. Protons gy-
rating at frequency H will appear at a much 
higher frequency f if they are rapidly approaching 
the observer, where 
f = H/(1 — Odn) 
He showed that this approximated to the TWT 
expression. Essentially this is because for H/f 
1, ni3a •-• 1. The same process was also considered 
by Murcray and Pope [1960a]. However, they 
used the refractive index at frequency H rather 
than that at f and consequently obtained a 
different expression. This was corrected in a 
later work [Murcray and Pope, 1960b]. 
Murcray and Pope [1960a, 1961] pointed out 
an advantage of the proton gyration , theory over 
the TWT theory: a quantitative estimate of 
radiation can be made. On the other hand, such 
an estimate made by Santirocco [1960] indicated 
that proton radiation would be much too small 
for detection unless [Murcray and Pope, 19611 
enormous numbers of protons radiate coherently. 
However, the situation is different for radia-
tion from gyrating electrons, since the emitted 
1745 
(A) 
7411fAr..;.: :` • 
K c—. fAl 
(D)' _ 
-97-wormr—j,por!-ettrirs 1.; 
(f) 
r r 
. 	 . 
(G, • , 
8 — 
(H) 
K c- 
0 — 
1.0 soc--11 
	
1.0 sec 
Fig. 1. Spectrograms of discrete VLF emissions (after Helliwell and Carpenter [19611). Falling tones appear in e, quasi-constant tones in g, and 
risers in f and g. The other forms are probably all hooks. 
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Fig. 2. Graph of equation 3 for finding emitted 
frequency. 
power is inversely proportional to the square 
of the particle mass. Thus we would expect the 
radiation power from electrons to be greater 
than 3 million times that from protons, other 
factors being the same. 
Theory. Suppose that an electron (or rather 
a small bunch of electrons) is traveling in a 
helix about a line of force of the earth's magnetic 
field. Suppose that it is traveling away from the 
observer's hemisphere with velocity component 
along the line of force of Ode. Thus the rotating 
electron (or bunch) is an oscillator of frequency 
h moving away from the observer at velocity 
Ode in a medium for which the observed frequency 
I travels at velocity c/n. 
	
60° 	40° 	20° 	° 	20° 	40° 
	
60° 
SOUTH NORTH (d) 
Fig. 3. Frequency emitted by an electron of 	Fig. 4. Frequency-time (dispersions) curves for 
the energies shown as a function of position (lati- the electrons considered in Figure 3. These should 
tude angle). All four electrons have mirror points be compared with the observed spectrograms in 
at 41°. Figure 1. 
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TABLE 1. Mirror Oscillation Periods of the 
Electrons Considered in Figure 3 
Energy, 	 Period, 
key sec 
5 2.56 
10 1.82 
25 1.28 
50 0.81 
Thus 
f = h/(1 -F 00t) 
where 
n2 	P2/[i(h 	f)] for n2 >> 1 
Hence 
(h 	f)3 	2920d2I 
Smith [1960] has shown that a model of elec-
tron density distribution in the exosphere for 
which the electron density is everywhere pro-
portional to the gyrofrequency fits his nose 
whistler data rather well. Theoretical considera-
tions by Dowden [1961] lead to a distribution 
that approximates to this gyrofrequency model. 
Thus p2 = ah, where a•-• 1 Mc/s [Smith, 1960] 
(h — f) 3 = a0d 2 fh 	( 1 ) 
This is difficult to evaluate algebraically except 
for f << h, when 
f 	h2/cp3a2 	(2) 
However (1) can be put in the form 
(1 — f / h) 3 	a0d 2 
f /h (3) 
A plot of co3d2/h versus f/h permits f to be 
found, given 13d2 and h. This is shown in Figure 2. 
The approximation 2 is seen to be valid only for 
a13,1 2/h > 20. 
Values of f have been found from Figure 2 for 
electrons of energies 5, 10, 25, and 50 key 
traveling along the line of force terminating at 
geomagnetic latitude 60°. The position of a 
point on this field line is determined by the 
latitude angle 1. The emitted frequency as a 
function of latitude angle is shown in Figure 3. 
The helical pitch (1,G 0) of all these electrons is 20° 
in the equatorial plane, so that mirror points 
occur in each hemisphere at 1 = 41°. The 
(A) 
Slow Fast 
(C) 
Slow Fa st 
(D) 
North 
South 
Fig. 5. Types of discrete emission that can be 
produced by this process. (A) Bunch injected at 
midpoint (equatorial plane), mirrored in observ-
er's hemisphere, and scattered at midpoint (falling 
tone or pseudo whistler). (B) Bunch injected at 
midpoint and either absorbed near the mirror in 
the opposite hemisphere or mirrored, and scat-
tered, at the midpoint (riser for slow bunch, 
pseudo nose for fast). (C) Bunch injected at mid-
point, mirrored in observer's hemisphere, and 
survived one transit through midpoint to pass 
into opposite hemisphere (hook). (D) Medium-
speed bunch injected at midpoint, mirrored in 
southern hemisphere, then northern, southern, 
northern, and finally scattered at the midpoint. In 
the northern hemisphere a riser, a hook, and a 
falling tone are observed; in the southern, two 
hooks. Synchronized spectrograms from conjugate 
points would look like this. 
parameter f3,1 is calculated for invariance of 
magnetic moment: 
13,12 = 02 (1 — n sin2 00) 
where 
o = (I + 3 sin2 0 1/2 sec6 1 
Suppose that these electrons make one trip 
from the mirror point in the observer's hemi-
sphere to the mirror point in the opposite hemi-
sphere. We need to find how frequency would 
vary with time as observed on the earth's 
surface at the base of this line of force. Such 
frequency-time curves can be found by summing 
the time delay due to the finite velocity of the 
electron (T,) and that due to the finite group 
velocity of the wave (T„). 
T = T, T, 
ds  n sin 2 lp 0) 1 / 2 1 (1 
DOPPLER-SHIFTED CYCLOTRON RADIATION 
	 1749 
TABLE 2. Hazards and Relative Occurrence 
Hazards 
Class and 
Types Mirrors 
Source 
Region 
Transits 
Observed* 
Relative 
Abundance 
Chorus 403 
(B) Risers 0 0 178 
psuedo noses 7 
(A) Falling tones 0 21 
(C) Hooks 1 15 
(D) Multiple 
forms 2 
or more 
1 
or more 
* From McInnes [1961]. 
where 
T, = 
and 
T = 	ds 	1 ,  V 	13c 
Integration is carried out over the path, and 
the integrals were evaluated numerically. The 
resulting frequency-time curves are shown in 
Figure 4. The time T = 0 is defined as that 
instant when the electron passes through the 
equatorial plane toward the observer's hemi-
sphere. It could thus be the time of injection 
into the line of force. Note that for the 5-key 
electron the time scale starts 1 second after this. 
Discussion. The frequency-time curves in 
Figure 4 show good agreement with the ob-
served hooks in Figure 1. If the electron bunch 
only makes half of the mirror-to-mirror trip, 
which might happen if the source of the bunch 
(probably near the equatorial plane) is also a 
sink, then only half of the full hooks will be 
observed. If this half trip was confined to the 
observer's hemisphere only, the falling part 
(falling tone) would be observed. This might be 
mistaken for a whistler in some circumstances. 
Trips confined to the opposite hemisphere would 
give rise to the other half: risers (f and g in Fig. 
1) and pseudo noses. 
On the other hand, at times several complete 
trips might take place before the bunch is lost. 
TABLE 3. Deduced Latitude and Energy of the 
Electrons Producing Nosed Hooks in Figure 1 
Event in 
Figure 1 	Latitude 
a 	 62° 
62° 
62° 
This would give rise to a series of hooks of simi-
lar shape separated in time by the period of 
oscillation of the bunch between mirrors. For 
the faster particles in Figure 4 this is indicated 
by the curved broken lines. The oscillation pe-
riods are given in Table 1. An observer in the 
opposite hemisphere near the conjugate point 
would observe the same series of hooks, but 
since radiation is observed only when the bunch 
is traveling away from this observer he will 
observe this series shifted in time by half a 
period. Thus a northward-going bunch sends a 
hook to the southern observer, then, when re-
turning on its southward trip, sends a hook to 
the northern observer. This conjugate point test 
of the theory was suggested to the author by 
G. R. A. Ellis. 
The types of emission described above are 
illustrated in Figure 5. A bunch tends to be 
scattered by turbulent magnetic fields in the 
source region (probably near the equatorial 
plane) and to be absorbed by collisions near the 
mirror points. Thus we would expect the rela-
tive frequency of occurrence of the various types 
of emission to decrease with the number of mir-
rors and source-region transits required for each 
type. Thus 'quasi-vertical' or 'typical' chorus, 
and risers, which are required to survive no such 
hazards, should be the most common. In Table 
2 the number of hazards for each type (as listed 
in Fig. 5) is compared with the observed relative 
frequency of occurrence (from McInnes [1961] ). 
Nosed forms seem to be relatively rare, prob-
ably because low particle speeds occur more fre-
quently than high. The observed order of abun-
dance is otherwise as expected. 
It can be seen from Figure 4 that when cir-
cumstances (fast particles, high latitudes) give 
rise to a nose similar to the nose whistler, the 
nose frequency is about one-third of the mini-
mum gyrofrequency (ho, shown by broken line). 
This allows calculation of the terminal latitude 
(A) of the line of force along which the bunch is 
r 	a1/2 r h3/2  
J v 	2cf1/2 J (h - 1) 3/2. ds 
D( ionosph ere) 
11/2 
Energy, 
key 
7 
5 
25 
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guided: 
cos X = (h0/870)" 	ho in kc/s 
The one-sixth power makes latitude evaluation 
reasonably accurate even for very rough esti-
mates of h o . The minimum frequency (f o) can 
also be scaled from an observed hook. Sub-
stitution of ho and f o into equation 1 immediately 
gives the value of 132 in the equatorial plane. 
The pitch will be smallest in the equatorial 
plane, so that, except for large pitch angles, 
/32 0% The energy of the electrons in key is 
then given by 
E = 250132 key  
Estimates of A and E for the three hooks in 
Figure 1 showing well-developed noses (a, d, h) 
are given in Table 3. 
It is interesting to compare this theory with 
that of the TWT. In the exosphere, for a gyro-
frequency model of electron density and for 
fairly slow particles, the latter gives rise to a 
constant or slowly changing frequency. It is only 
when the particle (or bunch) penetrates the 
ionosphere that the frequency increases rapidly. 
Thus the TWT theory explains narrow-band 
hiss, 'quasi-constant tones,' and hooks having a 
fairly constant frequency first part and a rapidly 
increasing second part. A nose might be pro-
duced with this mechanism if the TWT hook is 
reflected back along the line of force and ob-
served in the opposite hemisphere. The hook 
shown in Figure l(H) might be of this type. On 
the other hand, the theory presented here pro-
duces all the forms entirely in the exosphere. In 
addition, it can explain the other hooks shown 
in Figure 1. The TWT theory will not produce 
multiple hooks from successive particle mirror-
ing, since particles having mirror points in or 
below the ionosphere will not survive. It seems, 
then, that both mechanisms operate. The TWT 
theory produces some of the observed forms 
with relatively slow particles (1 key or less) of 
small pitch angle (for hooks). Our theory pro-
duces other forms with faster particles, which 
may have greater pitch angles. In both theories 
noses are produced by propagation and so can 
be used to determine the line of force associated 
with the particles. The above comments on the 
TIVT theory also apply to MacArthur's gyrat- 
ing proton mechanism. 
Conclusions. The qualitative frequency-time 
form of many exospheric emissions is explained 
by this theory. Further, the theory does not 
require ionospheric effects to explain part of 
this form, as does the TWT type mechanism. In 
addition to explaining characteristics already 
observed, it predicts further points that would 
provide a test for the theory. Since radiation is 
produced only from electrons traveling away 
from the observer, local precipitation effects 
(aurora, absorption, X rays) will tend to occur 
in the hemisphere opposite that from which the 
radiation is observed. Observation of more than 
one similar hook produced by bunches making 
more than one trip would show that the hooks 
were generated in a region whose mirroring is 
possible (exosphere) and would give an inde-
pendent measure of particle velocity to check 
the theory. Simultaneous observations at both 
ends of a line of force (conjugate point experi-
ment) would be useful for checking this. 
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Cyclotron Theory of Very-Low-Frequency 
Discrete Emissions 
IT was recently shown' that the Doppler shifted 
cyclotron radiation from receding electrons would 
give the observed frequency-time shape of discrete 
very-low-frequency emissions. A further develop-
ment enables information about these electrons to 
be deduced from this shape. Thus, electron energy (E),- 
initial helical pitch angle (4)o), geomagnetic field line 
of occurrence (X), and the exosphere electron density 
parameter', 'scale frequency' (fa), are obtained from 
four parameters (two frequencies and two times) 
scaled from a spectrogram of the emission. Full 
details of this process will be published elsewhere. 
As a demonstration, consider the 'hook' shown in 
Fig. la. The location of three points in the frequency. 
time plane unambiguously requires E = 150 keV, 
(14 = 68.6°, X = 61-4° and fa = 527 kc/s. To test 
the theory, 25 points were calculated from first 
principles using this information. The curve through 
these points is shown in Fig. lb. Comparison shows 
excellent agreement. 
The theory' explains other types of discrete 
emissions as special cases of 'hooks'. In particular, 
the theory predicted a repetitive type of emission 
not previously recognized. This occurs when the 
electron bunch survives several hemisphere to hemi-
sphere traverses or 'bounces' between magnetic 
mirror points. The emission appears as a succession 
of similar hooks separated by the bounce period of 
the electrons. It is readily distinguished from whistler 
mode echoes of a single hook since successive hooks 
are not progressively more dispersed according to 
their order in the sequence. Since the observable 
radiation is unidirectional the hooks are received in 
opposite hemispheres alternately, that is, the sequence 
observed in one hemisphere is displaced half a bounce 
period from that observed in the other. This effect 
distinguishes the predicted emission from some other 
effect such as periodic injection of electrons. 
Observation of this predicted. emission showing a 
bounce period consistent with -E, 4o, and X scaled 
from the shape would be a crucial test of the theory 
both qualitatively and quantitatively. 
A sequence which was probably of this predicted 
type was recently discussed'. It appeared as two 
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Fig. 1. a, 'Hook' recorded at Seattle, on September 23, 1957, 
at 2035 : 28 u.m. (after Helliwell and Carpenter, ref. 6) ; b, as 
calculated from the theory (ref. 1) for E = 150 keV. = 686°, 
A = 61.4° and f. 527 kc/s 
bursts of 5-6 kc/s noise (presumably parts of a single 
hook) seen three times. It was observed in both 
hemispheres, not simultaneously, but alternately as 
explained here. Since only a narrow frequency 
band was observed the progressive dispersion criterion 
could not be applied. However, the recurrence 
period was consistent with a bounce period for 
electrons of typical energies as deduced from othor 
hooks, but only a half to a third of typical whistler 
mode echo, delay times at this frequency. On the 
other hand, in a reply*, Helliwell pointed out that 
whistler delay times can be sufficiently small during 
magnetic storms so that in this case the echo possi-
bility cannot be ruled out. 
I have since noticed four clear-cut examples 
published by Gallet*. In each of these there was a 
striking lack of progressive dispersion despite the 
Table 1. COMPARISON OF OBSERVED RECURRENCE PERIOD (Pe) 
WITH THAT CALCULATED (Pe) mom E, IA, AND A DEDUCED FROM 
THE FREQUENCY-TIME SHAPE 
No. of 	 Geomag- Calm- 
Sequence hooks Energy Helical netic 	lated 
No. 	in each 	(E) 	pitch latitude period P. 
sequence (keV) 	lp,, 	A 	(sec.) 
1 3 14 70° 59° 1.2 1-6 
2 6 8 62° 59° 1.7 1.6 
3 2 15 72° 69° 1.1 1.6 
4 3 5 48° 59° 2.1 143 
considerable frequency extent of the hooks and the 
relatively large number of separate hooks (six, in 
one sequence). Gallet* remarked on this at the time. 
Table 1 shows E, tp„ and X deduced from the shape of 
one of the hooks for each sequence. The expected 
bounce periods calculated from E, 4,  and X are shown 
as Pc and the observed periods (as measured by 
Gallet) are shown as Pc . The spectrograms as pub-
lished* are rather small for accurate scaling so that 
the probable error in Pc is rather large. However, 
the general agreement is quite good. 
The electron cyclotron theory gives excellent 
agreement with the observed frequency-time shape 
of discrete emissions. In addition, the predicted 
periodic emission is shown to occur and with periods 
reasonably close to those predicted. Verification of 
the theory not only clears up a mystery of long 
standing but also justifies the use of spectrograms of 
emissions for finding information about the electrons 
which produce them. Large numbers of such spectro-
grams were recorded during the International Geo-
physical Year. 
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Very-Low-Frequency Discrete Emissions 
received at Conjugate Points 
- IN a recent article , describing a geomagnetic 
conjugate point experiment an accurately synchron- 
ized pair of spectrograms was shown. As shown in 
Fig. 1 of that article a sequence of six noise bursts in 
• the 5-6 kc./s. frequency region was observed at both 
Knob Lake, Canada (68° N., geomagnetic), and at 
Byrd Station, Antarctica (70 0  S., geomagnetic); but 
the sequence began at Knob Lake 0.8 + 0-1 sec. 
before it began at Byrd. 
However, close inspection of Fig. 1 indicates that in 
each case the sequence is not six separate bursts but a 
pair of bursts seen three times. In support of this it 
will be noticed that the shapes and separation of the 
two bursts in each pair are similar and in each case the 
first burst occurs aka slightly higher frequency than 
the second. Furthermore, the time separation be-
tween successive pairs (using the time-scale pro-
vided) is 1.6 + 0.1 sec., which is just twice the 
delay between Knob Lake and Byrd. Thus at 
intervals of 0.8 sec. this pair of bursts appeared 
alternately at Knob Lake and Byrd. 
This phenomenon cannot be due to successive 
reflexions in opposite hemispheres of electromagnetic 
energy because • the observed time delays are too 
short. Whistler observations in these latitudes show 
5 kc./s. propagation times between 1.5 and 2.5 sec. 
for a single hemisphere to hemisphere trip'/. Even 
then these times refer to lower latitudes because 
geomagnetic field lines terminating at latitudes 
•\ greater than about 62° do not allow 5 kc./s. propa-
gation of this type'. Thus if this phenomenon were 
due to whistler type echoes the delays would be 
several times longer. 
However, such a sequence of alternate reception at 
conjugate points was predicted in a theory proposed 
by me' for the production of very-low-frequency 
discrete emissions. In fact such a conjugate point 
experiment was suggested as a test for the theory. 
According to this theory Doppler-shifted cyclotron 
radiation is emitted by a small cloud or bunch of 
electrons spiralling along a field line. Only the down-
ward-shifted frequency can propagate so that radia-
tion is only emitted backwards. If the bunch should 
survive several trips along the field line from hemi-
sphere to hemisphere, being reflected at the ends by 
magnetic mirror effect, then an observer at each end 
of the field line would receive an emission each time 
the bunch was travelling away from him. Thus for 
each observer the time between successive emissions 
would be the complete (there and back) oscillation 
period of the cloud and the delay between the 
sequences observed in opposite hemispheres would be 
half this period 3 . 
The complete oscillation period of F6 see. from 
Fig. 1 (ref. 1) would correspond to 60 keV. electrons 
(for minimum helical pitch angles of 20 0 ) if the guiding 
field line was that connecting the two observing 
stations or 15 keV. electrons if the guiding field line 
was typical of those (around 60°) producing nose 
whistlers observed at Byrd'. These electron energies 
deduced from the oscillation period (15-60 keV.) are 
close to those (5-25 keV.) required by my theory to 
produce the detailed frequency-time shape of observed 
discrete emissions 3 '. 
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Author's Reply to the Preceding Discussion 
R. L. DOWDEN 
Ionospheric Prediction Service, Hobart, Tasmania 
Brice has devised a method of testing one of 
the features of my [Dowden, 1962a] electron 
cyclotron theory of discrete VLF emissions: 
that the sequence of emitted frequencies is 
spatially symmetric about the top of the mag-
netic field line (geomagnetic equatorial plane). 
He has derived testing parameters which should 
be equal to unity for any sequence of successive 
whistler mode echoes of a hook beginning with 
the zero order or nonreflected hook. When this 
test was applied to four such sequences this 
parameter was of the order of three, quite sig-
nificantly not unity. Brice concludes that my 
theory therefore cannot explain these hooks. 
Now, using Brice's notation, it can easily be 
shown from his equation 2 that for symmetri-
cal generation the theory predicts: 
T„ - T„' = (2n ± 1)(T0 	To') 	(1) 
If these difference times are calculated from his 
Table 1, it will be seen that they are clearly not 
in the predicted ratio 1:5:9 for the first se-
quence and 1:3 for the other three. 
On the other hand, it is rather striking that 
these ratios are none the less in a logical order. 
They are quite close to 3:7:11 for the first 
sequence and 3:5 for the other three. This sug-
gests that in each sequence the first trace 
observed by Brice was not the zero-order, or 
non-reflected, hook but the first-order, or once-
reflected, hook. Then each of Brice's tabu-
lated values of n should be increased by one. 
Now we can resolve this by measuring the times 
between any two traces in a sequence at 1, 
and fo . These are the propagation times for the 
appropriate number of complete hemisphere to 
hemisphere hops. Thus, using the first and 
third of the traces in Brice's Figure 1 we find 
8To = 4.10 sec and 8r1 = 3.72 sec. Thus from 
Brice's equation 1, To - T.' = 2(r - TO = 
0.095 sec. This is approximately one-third the 
value tabulated by him. Consequently, for the 
first sequence at least we have clearly demon-
strated that the first trace observed is the first-
order, or once-reflected, hook. Thus, for this 
sequence Brice's tabulated values of n should be 
increased by one, and his testing parameters 
should be calculated from his equation 4. This 
is shown in Table 1. 
Without having recourse to the original 
TABLE 1 
T„, sec 	IV, sec T„ - T„', sec 
Predicted 
Tn - T„' 
Ratios 
n - 1 - 	n - 1 	- T1' 
3 	T, -T1 	3 	T'- T' 
0 Not observed 0.095 1 
1 0.39 	0.05 0.34 3 
3 0.57 -0.14 0.71 7 1.3 1.2 
5 0.75 	-0.31 1.06 11 1.3 1.3 
0 Not observed 1 
1 0.16 	0.03 0.13 3 
2 0.22 -0.03 0.25 5 0.7 0.7 
0 Not observed 1 
1 0.35 	0.02 0.33 3 
2 0.42 -0.07 0.49 5 1.6 1.2 
0 Not observed 1 
1 0.17 	0.02 0.15 3 
2 0.22 -0.03 0.25 5 1.0 1.0 
* These missing values could be obtained from the original spectrograms. 
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Fig. 1. Hook recorded tt Seattle on September 23, 1957, at 20h 35m 28s UT (At cr II( /it trt 
and Carpenter [1961]). Superimposed on this is a computed nose whistler originating from a 
hypothetical impulse at the top of the field line at the time shown by the arrow. Note that 
this computed curve is in the center of the hook at all frequencies. 
spectrograms for the other three sequences, we 
cannot here make similar statements about these 
other three. Brice's statement that 'this am-
biguity is removed if the hook and echo are 
observed at conjugate stations' is not strictly 
true. Although the zero order signals must 
have been reflected somewhere near one of the 
conjugate stations, they could have been miss-
ing from the spectrograms or at least not recog-
nized as such for a variety of reasons. 
However, we can say that Brice's first se-
quence unambiguously demonstrates the sym-
metry aspect of my theory in both the predic-
tions that the 77„ — T„' ratios should be close to 
1:3:7:11 (from equation 1) and that his test-
ing parameters should be close to unity. The 
other three sequences fit the theory if the same 
interpretation of n applies to these also (Table 
1). Furthermore, this can easily be checked 
from the spectrograms as shown above for the 
first sequence. It should be noted that the re-
maining discrepancies in T„ — 7'„' and his testing 
parameter values are easily accounted for by 
errors in scaling the times T„ and T„' of about  
0.01 to 0.02 sec. This is quite reasonable since 
the widths of the traces are some 0.05 to 0.1 sec., 
as is seen in his Figure 1. 
Another test of the symmetry aspect of my 
theory is now presented. It is a consequence of 
this symmetry feature [Dowden, 1962b] that 
the observed frequency-time distribution of a 
hook should be symmetrically spaced (in time) 
about a half-dispersed nose whistler. In other 
words, at any frequency the midpoint in time 
between the two branches of a hook should  lie 
on a curve corresponding to the whistler mode 
dispersion of a hypothetical wide-band impulse 
originating at the top of the field line at the 
instant of generation of the lowest frequency. 
This is also the instant at which the emitting 
electron bunch passes through this point. 
Consider the hook shown in Figure 1. Super-
imposed on this is the nose whistler originating 
from a hypothetical impulse at the top of the 
field line at the instant shown by the arrow. The 
frequency-time shape of this nose whistler was 
calculated from a function given by Smith and 
Carpenter [1961] which they have shown accu- 
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rately represents this shape. The frequency-time 
scale adopted corresponds to a nose frequency 
(f„) of 4.60 kc/s (latitude of end point 61.4°) 
and a short whistler delay time (t„) at this 
frequency of 1.64 seconds. This (f„, tn ) is typi-
cal of moderately disturbed conditions [Car-
penter, 1962] when generation of hooks is likely. 
Careful measurement of Figure 1 shows that 
this curve is accurately in the center of the 
hook at all frequencies as predicted. 
It is interesting to note from this second test 
that the 'symmetry curve' or 'equivalent half 
short whistler' of any hook allows direct mea-
surement of fn (as in Figure 1) or estimation 
(when the nose does not appear) by the Smith 
and Carpenter [1961] techniques mentioned by 
Brice. These same techniques allow estimation 
of t„ for nonreflected hooks. Thus, in principle 
hooks give the same propagation information as 
whistlers. In addition, 1„ locates the path of the 
emitting bunch, and -it„ gives the instant the 
bunch passed through the top of this path. 
More convenient methods of scaling f„ and t„, 
as well as methods for deducing electron energy 
and helical pitch angles, are given elsewhere 
[Dowden, 1962b]. Thus all the relevant infor-
mation about the emitting electrons can be 
deduced from a spectrogram of a hook. Tests of 
other, predictions of my theory are published 
elsewhere [Dowden, 1962c]. 
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WIDE-BAND BURSTS OF V.L.F. RADIO NOISE (HISS) AT HOBART 
By R. L. DOWDEN 
WIDE–BAND BURSTS OF V.L.F. RADIO NOISE (HISS) AT HOBART* 
By R. L. DOWDENt 
[Manuscript received August 15, 1961] 
Summary 
Wide-band bursts of radio noise from the upper ionosphere or exosphere have been 
observed at frequencies from 100 c/s to 250 kcis. The observed intensity [Wm -2 (c/s)-9 
ranges from nearly 10-9 at 100 c/s to 10 -10 at 250 kc/s. However, the intensity at the 
source (above the ionosphere), deduced by subtracting the losses suffered in the iono-
sphere and below the ionosphere, shows a relatively flat spectrum at a level of the order 
of 10-b° Wm-2 (c/s)- '. 
I. INTRODUCTION 
V.L.F. noise, also known as "hiss "or geomagnetic noise, is audio-frequency 
radio noise originating in the upper ionosphere or exosphere which tends to occur 
at times of aurora and geomagnetic activity (Ellis 1959). It usually occurs in 
bursts of minutes or hours' duration. These bursts are usually narrow band 
(a few kilocycles bandwidth) centred at around 5 kc/s (Ellis 1959). Sometimes, 
particularly at times of strong geomagnetic disturbance, very wide-band bursts 
occur (Ellis 1959 ; Dowden 1960). Some very wide-band bursts have been 
observed covering a range of from less than 5 kc/s to more than 200 kc/s (Dowden 
1960). Later observations (this paper) have followed these wide-band bursts 
down to less than 100 e/s so it seems likely that occasionally bursts spread over 
the range from 100 c/s or less to a few hundred ke/s—a frequency ratio of several 
thousand. 
This Paper examines the ground level intensities recorded at several spot 
frequencies (125, 240, 410, 760 c/s, 1 .8, 4 -3, 9.0, and 230 kc/s) during wide-
band bursts observed at Hobart. The corresponding intensities at an arbitrary 
level above most of the ionosphere (550 km) are deduced from considerations 
of the losses affecting the wave from that level to the observing point. 
II. EXPERIMENTAL 
(a) Techniques 
The receiving systems were broadly similar to those described elsewhere 
(Ellis 1959). A vertical loop antenna fed a wide-band amplifier followed by a 
narrow-band pass amplifier for each channel. Special techniques were used to 
avoid spurious effects of atmospherics and other impulsive noise. 
In one recording system the detected outputs were applied to the vertical 
deflection plates of a C.R.O. During an impulse the C.R.O. spot would be 
deflected well off scale but between impulses the spot would be deflected only by 
* Presented at the Conference on the Sun-Earth Environment, Brisbane, May 24-26, 1961. 
t Ionospheric Prediction Service, University of Tasmania, Hobart. 
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4 
continuous signal. When such a display is photographed by slowly moving fdm 
the continuous level between impulses is readily apparent. 
The second system was developed by Ellis (1959) for recording on a pen 
recorder. This also records only the continuous level between impulses. In 
this method the detected outputs were applied to a partially unidirectional 
integrator. This had a long time constant of many tens of seconds for increases 
in signal but a very short time constant of some milliseconds for signal decreases. 
The system is thus the reverse of a peak-reading voltmeter. 
Both systems give strong discrimination (of about 40 dB) against atmos-
pherics even when the "mark-space " ratio of atmospherics is very high. In 
some cases both recording systems were used on the one frequency channel. 
> • 
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Fig. 1.—Typical wide-band (c. 1130 L.T.) and narrow-band bursts. 
Further discrimination from any spurious effects follows from the nature 
of the phenomena studied. That shown in Figure 1 is fairly typical. The 
smooth rise and fall of amplitude during bursts, the duration of bursts (order 
of an hour), and the relative infrequency of bursts (around 10 per month), make 
the phenomena readily distinguishable from steady background noise or man-
made bursts of interference. 
Two basic methods of intensity calibration were used. In the first the loop 
antenna was replaced by a signal generator or noise generator of the same 
impedance. Burst intensities were then deduced from this receiver sensitivity 
calibration and the effective height of the loop antenna calculated from measure-
ment of its physical dimensions. The second method gave direct calibration 
by generating a known field strength in the vicinity of the antenna from a remote 
auxiliary loop. Both methods gave consistent results. The calibration and 
reading accuracy (about 10%) was more than adequate for the argument pre-
sented in this paper. 
116 E. L. DOWDEN 
Only six recording channels were available so that simultaneous recordings 
were not made at all eight frequencies mentioned above. However, there was 
sufficient frequency overlap to suggest that the wide-band bursts measured 
mainly at the higher frequencies were similar to those measured mainly at the 
lower frequencies. 
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Fig. 2.—Medians and spread of peak intensities of observed wide-band 
bursts. Curves are expected ground intensities for a " white " source 
above the ionosphere at the hatched level [10 -" Wm-a (c/s)-9. The 
right-hand ordinate is field strength. 
Two sweep-frequency analysers covering the ranges 40-500 c/s and 400 c/s 
to 6 kc/s, though of less sensitivity and of restricted use for intensity measurement, 
were used to check the interpretation of the fixed-frequency records. 
(b) Observations 
Twenty-five wide-band bursts recorded over a period of about 15 months 
are considered here. Figure 1 shows one of these recorded on the five frequencies 
operating at the time. Other narrow-band bursts at around 2 and 5 kc/s are 
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seen on the same record. The median intensities and the spread of intensities 
recorded is shown plotted in Figure 2. Medians for 125 c/s and for 9•0 and 
230 kc/s may not be truly representative, as less than five values were obtained 
for each. The burst signal to background noise ratio was best around the middle 
of the band (20 dB at 5 kc/s) but worsened in both directions to about 5 dB 
at 100 c/s and 10 dB at 200 kc/s. 
III. DISCUSSION 
Although there is no strong evidence to indicate the level at which V.L.F. 
noise is produced, we will assume here that it is above most of the ionosphere, 
that is, above (say) 550 km. Directional and spaced observations (Ellis 1960; 
Dowden 1961) show that V.L.F. noise bursts often appear to be coming from 
virtual sources of quite small areas on the Earth's surface. Consequently we 
adopt the model that the burst is generated in a relatively narrow tube of force 
somewhere above the ionosphere, is then piped down through the ionosphere 
in the " whistler mode ", and radiated out under the ionosphere in the two-surface 
(Earth or ocean and ionosphere) waveguide to the observer. We require, then, 
the losses suffered in these two modes. 
The Earth-ionosphere waveguide losses have been calculated by Watt and 
Maxwell (1957) for frequencies from 1 to 100 ke/s. Curves are given of field 
strength versus frequency for propagation over day-time and night-time sea-water 
paths of various distances for a unit " white " point source. In our case the 
distance between the virtual source and the observing point is not known for 
each burst but a typical median value can be estimated along the following lines. 
Suppose all sources were point sources and that they were randomly 
distributed about Hobart. We consider an annular area centred on Hobart at 
distance r, width dr, and area dA. We define the probabilities : p s (r, dr) of 
a source occurring within this annular area ; po(r, dr) of it being observed at 
Hobart if it did occur ; and p„(r, dr) of an observable source occurring within 
this area (within r and r -Fdr). It follows : 
ps (r,dr)ccdA ccr.dr 
po(r,dr) cc intensity on arrival at Hobart 
cc e -coir 
where cc =attenuation coefficient for the Earth-ionosphere waveguide mode. 
pos (r,dr) =ps (r,dr) .po (r,dr) 
=e-mr • dr. 
We define a median range such that 
pos (r,dr)= 	pos (r,dr), 
that is 
Hence 
1 	0 1 	- 
— [e - ar]; = Le r i rco* CC CC 
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The attenuation coefficient, a, is strongly frequency dependent, but typical 
values are around 3 dB per 1000 km (Watt and Maxwell 1957) so that the typical 
range (f) will be around 1000 km. 
Suppose instead the sources were very large so that everywhere in the vicinity 
of Hobart was essentially uniformly illuminated by each burst. We consider 
the same annular area described above. The total power intercepted by this 
annulus is proportional to its area, 
dPs (r) cc r.dr, 
Transmission over distance r to Hobart would decrease this by a factor e -coin 
so that the power observed at Hobart from this area (from ranges r to r +dr) 
is then 
€1-P0s(r) =K.e-ar.dr, 
K being a constant of proportionality. We define the median range i as that 
range within which half of the observed power occurs. Then 
KJ e - ar. dr =K f_ e - ar. dr. 0 
Hence the same argument as that above leads to i- ,.1000 km. 
Selection of the =1000 km day and night curves of Watt and Maxwell 
gives us the below-ionosphere losses for the frequency range 1-100 kc/s. Those 
for frequencies outside this range are estimated by extrapolation. 
The attenuations for whistler mode propagation through the ionosphere 
were obtained from curves by Helliwell (1958) using a model day-time ionosphere 
from 80 to 550 km given by Francis and Karplus (1960). Night-time attenua-
tions were estimated from this model by disregarding the ionosphere below 
100 km. The values found are roughly consistent with whistler mode echo 
observations (Dowden 1959) at 17 kc/s and observations of 512 kc/s signals 
from the ground made by a receiver carried in a rocket to a height of over 400 km 
(Mechtly and Bowhill 1960). 
The losses for propagation through the ionosphere (whistler mode) and 
below the ionosphere (waveguide) are combined and plotted in Figure 2 for 
day and night conditions. We have assumed a " white noise " source of intensity 
10-u) Wm-2  (0)- 1 at a level of 550 km. The curves thus represent the expected 
intensity at an observing station on the ground about 1000 km from the point 
immediately below the source. The accuracy of these curves deteriorates 
towards both ends of the frequency scale. The treatment used above breaks 
down at the low end because the distances involved approach a wavelength. 
At the high frequencies the attenuations are so large that small errors in the 
estimation of parameters become important. Both ends will suffer from the 
extrapolations. 
It is seen from Figure 2 that the expected "ground level" spectrum resulting 
from this flat or " white " source spectrum fits the observed intensities to an 
order of magnitude or so, although an intensity proportional to wavelength 
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might give a better fit at the low frequency end. The main point emerging 
from this study is that much of the very strong frequency dependence of observed 
intensities is accounted for by attenuation. 
Intensities of over 10-14 Wm-2 (0 — /6) 1 at 512 kc/s have been observed at a 
height of 400 km by Mechtly and Bowhill (1960). This is a lower limit (receivers 
overloaded) and so consistent with our results. On the other hand, at frequencies 
above 900 kc/s, at times when the ionosphere above Hobart is transparent, 
ground level intensities (due to cosmic noise) of only 2 x10 -19 Wm-2 (c/s) -1 are 
observed (Ellis 1957). This is some nine orders of magnitude less than our value. 
However, it must be remembered that very wide-band bursts are rare and occur 
only during very severe disturbances, whereas the ionosphere is- transparent 
at low frequencies only during very quiet conditions. Nevertheless, this does 
show that, at least at the higher frequencies, a continuous high background 
level does not exist. 
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Ellis [1960] showed that individual bursts of 
VLF radio noise associated with geomagnetic 
disturbances (also called 'hiss' or 'geomagnetic 
noise') are often fed into the ionosphere-earth 
waveguide structure at fairly well defined points. 
The geographical position of these virtual sources 
can be located by comparing noise intensities of 
three different stations [Ellis, 1961]. For each 
pair of stations there will exist a family of curves 
defined by 
(r2/r,) exp [-a(r i - r2)] = R 
where R (a constant of each curve) is the ratio 
of the power intensities observed from a noise 
source distant rl, r2, respectively, from stations 
1 and 2, and where a is the attenuation coefficient. 
Data were obtained for the pair of stations 
Hobart-Macquarie Island at the two frequencies 
4.3 and 9.3 kc/s for the 10 weeks from December 
26, 1959, to March 3, 1960. Bursts recorded at 
both stations are listed in Table 1. It should be 
noted that the sensitivity of the receiver at 
Macquarie Island was much lower than that at 
Hobart, particularly at 9 kc/s. Only those bursts 
observed at both stations were considered. This 
tended to exclude 4-kc/s components that were 
not stronger at Macquarie 'Island and 9-ke/s 
components which were not very much stronger 
at Macquarie Island. 
A map of the area showing Hobart and 
Macquarie Island, the auroral zone (hatched 
arc), and constant R curves for attenuation 
coefficients of 10 db/1000 km (full line curves) 
and 2 db/1000 km (dashed) corresponding to 
4 kc/s and 9 kc/s propagation, respectively, is 
given in Figure 1. A 4-kc/s source occurring on 
the Hobart-Macquarie Island line would appear 
10 db weaker at both stations if it were shifted 
TABLE 1. Simultaneous Noise Bursts 
Date 
Universal 
Time 
4 kc/s Intensity 
Wrn 2(e/s) -1 X 10, s 
9 kc/s Intensity 
Wn1-2(c/s)` X 1016 
Hobart M. I. Ratio Hobart M. I. Ratio 
Jan 14 
15 
Feb 	1 
2 
0500-1000 
2040 
1630 	- 
1630-1715 
30 
30 
1.2 
1.2 
650 
14 
4.8 
1.2 
22 
0.5 
4, 
1 
3 0450-1400 8.5 170 20 1.2 480 400 
3 2125 13 120 3 
4 0200-1900 4.8 330 70 0.5 330 660 
5 0530 2.1 19 9 <0.5 210 >400 
6 0130 2.1 19 9 0.3 270 900 
6 2330 0.5 19 36 
9 1315 3.3 480 140 0.3 270 900 
19 2045 0.3 13 45 <0.13 120 >1000 
19 2100 	. 0.8 30 36 0.2 210 1000 
26 1600 0.3 2.1 7 1 . 1 <3.3 <3 
29 2235-2310 2.1 8.4 4 
Mar 1 2130. 2.1 19 9 
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Fig. 1. Map of area showing constant intensity ratio curves for attenuation coefficients of 
10 db per 1000 km (full-line curves) for 4 kc/s, and of 2 db per 1000 km (dashed) for 9 kc/s. The 
hatched arc is the auroral zone. Coordinates are geographic. 
along a curve of constant intensity ratio to the 
dash semicircle marked '10 db.' 
Independent 'fixes' of individual bursts are not 
possible without data from another pair of sta-
tions. All but one of the observed 9-kc/s com-
ponents must have occurred well inside the 
R = 30 ring (Fig. 1). Little can be said about the 
positions of the 4-kc/s components except that 
they occurred on the appropriate curves and 
probably within the 10-db semicircle. However, 
two important points emerge. First, at 9 ke/s 
only sources of a few kilometers in extent could 
produce intensity ratios of 1000 even if the 
sources occurred overhead at Macquarie Island. 
This shows that some sources at least have very 
narrow dimensions. Second, it is immediately 
apparent from Figure 1 that for all but one 
(February 26) of the eight bursts observed at 
both frequencies, the source positions for the two 
components could not have coincided. In fact,  
the distances between these two source positions 
varied from at least 100 to 500 km. 
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